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ABSTRACT

Mismatched base pairs have been implicated in
mutations and arise from transitions or transversions of
the base pairs during replication.

An oligonucleotide

duplex containing adjacent G®A and A®A mismatches,
d (GCGAAT)®d (ATAAGC). has been investigated using molecular
mechanics and dynamics.

Experimental NMR data obtained for

a related molecule was used to constrain the model which
suggested an unusual hydrogen-bonding for both mismatches.
Between the G®A and A®A mismatches, defined by the unsual
base pairing, there is a large twist angle.

The remainder

of the base pairs are B-DNA conformations.
The effect of an unpaired base on the local geometry
of oligonucleotide duplexes containing an (oligo dA)• (oligo
dT) tract was investigated using molecular modeling.

The

following duplexes have been studied:
dGCGAAXAAGCG
CGCTT-TTCGCd

dGCGAA-AAGCG
CGCTTYTTCGCd

dGCGAAAACGC
CGCTTTTCGCd

where X is cytosine, thymine or guanine, and where Y is
guanine, adenine or thymine.

The structures are of

interest because they contain an A-tract, which is
implicated in DNA bending and a region that is a model for
mutational hot spots.

The models were built with the

unpaired base in two possible orientations, extrahelical
and intrahelical.

The results indicate that in the

intrahelical conformation the flanking base pairs form a

xix

wedge and in the extrahelical conformation the flanking
base pairs remain in a B-DNA stack.

The extrahelical

pyrimidines are in the minor groove whereas the
extrahelical purines have two possible conformations either
in the major groove or in the minor groove.
The effect of an unpaired base on the base-pair
opening rate of an oligonucleotide duplex containing an
(oligo dA)• (oligo dT) tract has been investigated using
proton exchange NMR techniques on:
dGCGAAGAAGCG
CGCTT-TTCGCd

dGCGAA-AAGCG
CGCTTGTTCGCd

dGCGAAAACGC
CGCTTTTCGCd

For d (GCGAAXAAGCG)•d (CGCTTTTCGC) the base pairs adjacent to
the unpaired G have faster opening rates than do those base
pairs further away.

For d (GCGAAAAGCG)•d (CGCTTGTTCGC) the

base pairs adjacent to the unpaired base have very fast
opening rates.

The activation energies are similar for

d (GCGAAAAGCG)•d (CGCTTTTCGC), d (GCGAAGAAGCG)•d (CGCTTTTCGC)
and d(GCGAAAAGCG)*d(CGCTTGTTCGC).

xx

CHAPTER 1
Background and Literature Review
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2
Background

The three dimensional structure of deoxyribonucleic
acid (DNA), was first described by Watson and Crick in the
1950's.

Briefly, DNA consists of two strands of nucleotides

in a right-handed helix around a common axis (Figure 1.1)
(Watson et al., 1953).

These strands are complementary to

each other such that a pyrimidine pairs with a purine,
joined by hydrogen bonds between the functional groups.

The

base pairing was defined as guanine with cytosine and
adenine with thymine (Figure 1.2).
B-DNA.

This DNA is known as

Since this first description of DNA much has been

said about DNA and even more experiments have been conducted
on DNA and its component parts: nucleotides, sugars and
phosphates.

Much of the early work on DNA was conducted on

single bases, strands of synthetic polymers or mixed
sequences from sources such as calf thymus.

There has

recently been an upsurgence in the study of DNA coinciding
with the advent of more efficient chemical synthesis
technology for oligonucleotides.

This has made it possible

to obtain large quantities of oligonucleotides with defined
lengths and sequences for physical studies.

Oligonucleotide

availability has caused an explosion in the experimental
techniques being applied and more significantly a wealth of
information has been produced on the structure and
characteristics of DNA.

Structural features have been

studied by a variety of methods including, but not limited

Figure 1.1
Representation of DNA as described
by Watson and Crick.
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Figure 1.2
Base pairing of A«T and G»C as
defined by Watson and Crick

to, the following; circular dichroism, x-ray
crystallography, nuclear magnetic resonance spectroscopy,
ultraviolet spectroscopy, fluorescence spectroscopy and
raman spectroscopy.

All these studies demonstrate that DNA

has the ability to accommodate a variety of conformations.
This was first seen in the X-ray diffraction structures of
DNA reported by Wilkins (1963), which suggested that DNA
could adopt several different conformations depending on the
water content and counter ions present.

In 1979 Wang et al.

published the structure of a left handed DNA, which had been
previously proposed by Pohl and Jovin,
circular dichroism studies.

(1972) based on

Additionally, the crystal

structures of a number of right handed oligonucleotides have
been determined supporting the premise that nucleic acids
are capable of much structural diversity (Kennard and
Hunter, 1990) . The large number of crystal structures being
solved today on a variety of oligonucleotides continues to
provide an abundance of data on the structural diversity and
the ability of DNA to accommodate a wide variety of
perturbations.
A survey of the crystal structures determined so far
leads one to ask if these structures could exist in
solution.

A powerful technique for the study of molecules

in solution is Nuclear Magnetic Resonance (NMR)
Spectroscopy.

The use of NMR spectroscopy for obtaining

detailed structural information was limited in the past due
to the quantities needed and size of the oligonucleotide

which could be interpreted.

However, rapid advances in NMR

technology have made possible the study of larger
oligonucleotides.

Of these advances the two most relevant

are: accessibility of higher magnetic field strength and
more sophisticated experimental methods.

Both improve

sensitivity and resolution of the NMR experiments currently
being used.

The study of oligonucleotides by NMR

corroborates the structural diversity noted in the x-ray
crystal structures for DNA (Patel et al., 1982a; van de Ven
and Hilbers, 1988).
The spatial information obtained from NMR is expressed
in qualitative distances.

Therefore, the possibility exists

to use molecular modeling to obtain a representation of the
solution structures.

Chemists have always used various

forms of molecular models for building three dimensional
views of molecules.

The models can be used to describe the

space the molecule fills with the Corey-Pauling-Kolton (CPK)
models, or to describe the bond distances using accurate
Dreiding models.

This can be accomplished because the

nature of the chemical bonding is reliably described by ball
and stick models.

Watson and Crick used accurate mechanical

models to give us the view we currently have of DNA, and
Pauling used them to explain the alpha helix.

The major

advantage of their mechanical models is malleability,
however the construction of large molecules is not easily
accomplished.

Once these models of large molecules are

constructed the model is difficult to handle and it is
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difficult to view all the angles.

Computer generated

models, therefore, are an alternative.

The rapid advances

occurring in computer technology have increased the
computational speed and made them more accessible for
modeling macromolecules.

The development of computer

hardware which generates real-time interactive graphics has
allowed for the introduction of computer graphics to
modeling.

The combination of increased memory and graphics

has allowed the modeling to represent larger and more
complex structures, such as proteins and oligonucleotides.
The advantages of computer graphics for molecular modeling
of macromolecules are the manipulation of the structures for
viewing all angles with ease and the ability to examine more
conformational space.

Additionally the computer allows for

analysis of structural components for comparison to NMR data
or x-ray crystal structures.

The impact of molecular

modeling has been revolutionary in all areas of chemistry.
The large number of degrees of freedom associated with
macromolecules give rise to many structures.

The

application of molecular mechanics calculations to these
structures helps reduce the number of conformations to be
considered.

Molecular mechanics calculations use analytical

functions tp describe the energy of the system to be studied
(Kollman, 1987).

This method has been successful in

describing the bond stretching, bending, torsion, and
nonbonding interactions of organic and biological molecules.
Many of the first structural models constructed of DNA were
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the nucleotides and two or three base pairs (Chuprina and
Poltev, 1985; Fresco and Alberts, 1960). The introduction
of Assisted Model Building and Energy Refinement (AMBER), a
program designed for proteins and nucleic acids (Weiner and
Kollman, 1981) , allowed for the construction of larger
oligonucleotides.

This was followed by modeling using

distances obtained from NMR data (Hare et al., 1986).

Thus,

the molecules would more accurately represent the solution
structures.

The structures generated from the molecular

modeling can then be compared and contrasted to those
structures found in x-ray crystal structures.
The structural diversity of DNA is associated with the
base sequence.

Sequence-dependent variations in the B-DNA

structure are manifested in small changes in the
conformations of the ribose-phosphate backbone and the
positions of the bases relative to the backbone DNA.

An

idealized DNA structure has each Watson-Crick base pair on
the same plane and the next base-pair is translated 3.34 A
over the adjacent base pair.

In addition each base pair is

rotated 36° relative to the adjacent base-pair.

The result

of this is a right handed helix with each base pair
resembling each other.

A case in point for

sequence-dependent structure can be illustrated by poly
d(A)«poly d(T).

It displays unique characteristics when

compared to random B-DNA, such as: higher melting
temperature (Wilson et al., 1985), increased spine of
hydration (Lipanov and Churpina, 1987; Marky and Kupke,
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1989; Marky and Macgregor, 1990), exclusion from nucleosome
assembly (Rhodes, 1979), and it is less susceptible to
changes in the environmental conditions that would induce
conformational changes in B-DNA.

Oligonucleotides with a

run of four or more A»T base pairs (A-tracts) have similar
characteristics to the polymeric A«T .

Additional studies

using electrophoresis indicate that oligonucleotides
containing A-tracts have migrate slower than a similar size
oligonucleotide with random sequences, thus suggesting a
different conformation for A-tracts (Hagerman, 1984; Koo et
al., 1986; Nadeau and Crothers, 1989).

This phenomenom has

been proposed to be a result of a curving of the DNA helix.
NMR data indicates that the junctions of A-tracts with
standard DNA are distorted and that the A»T base pair at the
3'-end is more distorted than the 5 '-end (Katahira et al.,
1988; McCarthy et al., 1990).

This was supported by further

studies by numerous researchers in which A»T base pairs had
a progressive narrowing of the minor groove and high
propeller twisting of the base pairs (Celda et al., 1989;
Katahira et al., 1989; Katahira et al., 1990; Katahira et
al., 1988).

Propeller twisting is the base plane rotating

along the C6/C8 vector with respect to the complementary
base (see DNA parameters).

From x-ray crystal structure

studies of oligonucleotide containing A-tracts it has been
proposed that a network of hydrogen bonds arises because of
the propeller twist of A«T base pairs with respect to the
normal plane of base pairing (Aymami et al., 1989; Coll et
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al., 1987; DiGabriele et a l ., 1989; Nelson et al., 1987;
Yoon et al., 1988).

In B-DNA the hydrogen bonding between

A*T base pairs is between the 02 of thymine to the
complementary adenine N6(H) and between the Nl of adenine to
the N3 of thymine (Figure 1.3).

The bifurcated hydrogen

bond which forms the network of diagonal hydrogen bonds in
the major groove of A-tracts occurs between the N6-H of the
adenine across to the complementary strand 3' adjacent 02 of
thymine (Figure 1.3).

These results suggested that perhaps

the base sequence determines many of the structural features
and physical characteristics of DNA.
The structural features associated with a particular
base sequence may be the method of recognition for specific
genetic information.

Because the genetic information is

contained within a defined sequence of bases, any changes in
that code will result in a genetic mutation.

Therefore, it

is important to maintain the integrity of the sequence, yet
changes do occur.

Alterations in the base sequence (genetic

code) of DNA cause a structural perturbation, which is a
method of recognition by the repair systems.

If the repair

process is dependent on the structural changes within the
helix for recognition then this leads one to ask the
questions: How do structural changes trigger the recognition
of the perturbation on DNA?
occur?

And what structural changes

In order to answer the first question, the second

question must be addressed.

The study of structural aspects

of perturbations occurring on DNA are essential for
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Figure 1.3 Bifurcated hydrogen bonding for the A-tracts.
The base pairing is - The cross strand hydrogen bond
is from A(N6H) to T(04).
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understanding the following: process of mutagenesis, process
of repair of double stranded DNA and the process that causes
the perturbations.

The two structural perturbations that

will be discussed below are mismatched base pairs, which can
result in a point mutation, and unpaired bases, which can
lead to a frameshift mutation.
A point mutation occurs when a substitution is made in
one of the bases involved in a Watson-Crick base pairs.
There are a total of twelve possible substitutions which are
divided into two groups, transitions or transversions.
Transitions are mutations resulting from a substitution of a
purine for a purine or a pyrimidine for a pyrimidine.
Transversions are mutations arising from a substitution of a
purine for a pyrimidine or a pyrimidine for a purine.

This

transversion mutation causes the purine•pyrimidine base
pairs to become purine*purine or pyrimidine«pyrimidine base
pairs.

Either transitions or transversions result in the

formation of a mismatched base-pair.

Watson and Crick

proposed that in order for a base pair to be accommodated
within the helix it must satisfy the hydrogen-bonding
requirements defined in the purine-pyrimidine pairing, of
two or three hydrogen bonds (Watson and Crick, 1953).
Hence, one model of mutations proposes that mismatches form
as a result of tautomeric shifts during replication.
Studies by Loeb et al.

(1982) indicated that polymerase

chooses bases by the ability to form sterically acceptable
base pairs, thus maintaining the fidelity during
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replication.

Yet the rate of mispair insertion is on the

order of

with a repair rate in the range of lO-1*-1' thus

10~5

some mismatches are not repaired (Friedberg, 1989; Li et
al., 1991).

The rate of repair depends on the mismatch,

where the preferential repair follows the order of G*T > G«G
> C»A > C»C > G*A in Escherichia coli and Streptococcus
pneumoniae (Claverys et al., 1983).

Studies based on x-ray

crystallographic structure parameters indicate that the
possible reasons for this differential repair may be due to
conformational accommodations of the respective mismatches.
The least repaired is the G»A which distorts the helix
geometry slightly, whereas the G*T, the most efficiently
repaired mismatch, has the greatest distortion on helix
geometry.

One parameter used in the structural comparsion

by Kennard is the orientation of the base to the backbone
which is defined as the
between the

X

angle.

This angle is formed

Nl(pyrimidine) or N9 (purine)-Cl' on one strand

to the Cl' of the complementary base on the other strand
(Figure 1.4).

In Watson-Crick base pairs the X angle is

symmetrical, one angle is approximately equal to the angle
for the complementary base.

Those base-pairs that are not

efficiently repaired have asymmetrical values across the
base-pair, with one angle being much larger that the other.
In contrast to those that are efficiently repaired are base
pairs such as the G«A mismatch, which have

X

angles that are

more symmetrical within the base pair (Kennard, 1987).
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O-

Cl'

Cl1

Figure 1.4 The A»T and G»C base pair denoting
the % angles and C l 1 to C l 1 vector
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Numerous structural studies have demonstrated that a
mismatched base pair can exist in nucleic acids without
major alterations in the nucleic acid structure (Kennard and
Hunter, 1990; Patel et al., 1987; Prive et al., 1991).
Purine*purine mismatches have also been found in numerous
RNA structures (Forster and Symons, 1987a; Gutell and Fox,
1988; Gutell et al., 1985; Jack et al., 1976).

Of the

mismatches studied in DNA and in RNA the G»A mismatch was
shown to have much structural diversity.

The evidence from

the structural studies both NMR and x-ray crystallography
suggests that the sequence and environment plays a role in
the ultimate conformation of the G»A mismatch.

The question

arises: whether there are more structural deviations
possible than those reported to date for the G»A mismatch?
Molecular modeling studies of the mismatched base-pairs
have been under investigations for a number of years.

Many

of the early studies concentrated on the assumption that a
base pair needed at least two hydrogen bonds.

Modeling

studies have demonstrated that stable structures can occur
by hydrogen bonding of the functional groups on the bases
(Modrich, 1987).

Therefore, there are 29 possible

mismatches that have been proposed in model studies
(Chuprina and Poltev, 1983; Hobza and Sandorfy, 1987; Poltev
and Shulyupina, 1986).

Certainly, there are many more

mismatches that can be proposed with only one hydrogen bond.
However, most of the 29 possible mismatch base pairs that
have been suggested have yet to be experimentally observed,

especially for the G»A and A»A mismatches.

Of all the A* A

mismatches proposed, two have been reported to exist in
x-ray structures using derivatives of the adenine base.
None have been reported experimentally for
adenosine*adenosine mismatches.
A*A mismatches
the helix?

The question then arises if

occur in DNA, how is it accommodated within

Is there significant helix distortion?

A number of duplexes have been modeled with an isolated
mismatch (Chuprina and Poltev, 1985; Giessner-Prettre et
al., 1984; Prabhakaran and Harvey, 1988; Rein et al., 1983;
Wagner et al.,

1983).

The results are in agreement with NMR

and x-ray crystallographic data.The presence of a

single

mismatch is the subject of experimental research, yet if one
mismatch is present, can two be present?
this occur in nature?

And if so, does

Contiguous mismatched base pairs have

been demonstrated in many natural nucleic acids (Forster and
Symons, 1987a; Gutell and Fox, 1988; Gutell et al., 1985;
Panyutin et al., 1990; SantaLucia et al., 1990; SantaLucia
et al., 1991).

The recent structural studies have brought

to light the accommodation of adjacent non-Watson-Crick base
pairs within the DNA helix.

NMR structural studies of

oligonucleotide duplexes containing two sets of G»A
mismatches indicate that they are accommodated within the
helix (Li et al., 1991; Nikonowicz and Gorenstein, 1990).
In each of these duplexes the G»A mismatch had a different
conformation.

The structure proposed by Li et al. (1991)

for the G»A mismatch indicates that a unique structure is

17
present in the helix and that the G •A mismatch has a unique
base pairing (Figure 1.4).

This structure has been

demonstrated by NMR in an oligonucleotide containing a G*A
and A»A tandem mismatch (Maskos et al., 1993; Maskos et al.,
1991).

A similar single

G*A

mismatch as above has also been

proposed to exist in the stem loop of an RNA (Heus and
Pardi, 1991).
A second type of perturbation, relevant to this study,
is a frameshift mutation.

Streisinger et al., (1966)

proposed a model for the formation of frameshift mutations.
This model, shown in Figure 1.5, depicts the addition of a
base by the polymerase on the daughter strand of DNA as it
is being replicated.

Alternatively, there is the deletion

of the base during replication on the newly formed daughter
strand.

In both instances the base inserted or deleted

would result in the formation of an unpaired base.

Thus, in

order for the frameshift to occur the unpaired base must
exist long enough to replicate into the next generation
(Crow, 1983).

These additions and deletions are most

commonly noted in regions where there is a run of the same
base on one strand of the DNA.

These regions are denoted as

"hot spots" for mutations (Drake and Baltz, 1976).
Formation of an unpaired base creates a need for
structural accommodations within the DNA helix.

There is

the possibility for an unpaired base to exist in many
conformations with the extreme motifs- extrahelical or
intrahelical (Figure 1.6).

A base that is described as
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A MODEL FOR FRAMESHIFT MUTATIONS

A DELETION requires

parental strand

a b u l g e in the p a r e n t

— C-T-C-G-C-T-C-G-A-A

/ A\

A-A-G-C-G—

daughter strand --G-A-G-C-G-A-G-C-T-T

An ADDITION requires

parental strand
daughter strand

strand

T-T-C-G-C--

a b u l g e in t h e d a u g h t e r s t r a n d

- C - T - C - G - C - T - C - G - A - A ---- A - A - G - C - G - --G-A-G-C-G-A-G-C-T-T

T-T-C-G-C-T

Figure 1.5

Proposed model for frameshift mutatation
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Intrahelical Unpaired base

Adenosine

Unpaired Base
Adenosine

~

Extrahelical Unpaired base
Adenosine

Thymine

Adenosine

Thymine

Unpaired Base

Figure 1.6 Schematic representation of the two
possible extreme structural motifs of an unpaired
base, a) Intrahelical b) Extrahelical.
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being intrahelical stacks within the helix between the
adjacent bases.

The extrahelical base results when the

adjacent bases and the respective complementary base are in
a normal stacking configuration leaving the base outside the
DNA helix stack (Figure 1.6).

A number of researchers have

been investigating the effects of the presence of an
unpaired base in oligonucleotides.

The data available on

unpaired bases suggest that both conformations do exist in
oligonucleotides.

The x-ray crystal structure of one

oligonucleotide containing an unpaired adenine indicates
that the unpaired adenine is extrahelical (Miller et al.,
1987).

Recently, the x-ray crystal structure of an

oligonucleotide with two unpaired adenosines was shown to
have one of the adenosines extrahelical and the other
intrahelical.

However the extrahelical adenosine is stacked

in the adjacent helix of the crystal lattice (Joshua-Tor et
al., 1992).

NMR evidence suggests that the major

conformation of the unpaired adenine in both
oligonucleotides is intrahelical (Nikonowicz et al., 1989;
Roy et al., 1987) with a only a minor component present that
is extrahelical.

Thus, perhaps both conformations exist in

equilibrium with the preferred structure in solution being
the intrahelical conformation.

Studies by Kalnik et al.

(1989, 1990) on oligonucleotides with an unpaired cytosine
and thymine, have suggested that the unpaired base is
extrahelical at low temperatures and intrahelical at high
temperatures.

Therefore, it can be summarized that unpaired
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purines preferentially are intrahelical (Hare et a l ., 1986;
Kalnik et al., 1989a; Nikonowicz et al., 1989; Nikonowicz
and Gorenstein, 1990; Patel et al., 1982b; Woodson and
Crothers, 1987; Woodson and Crothers, 1988c; Woodson and
Crothers, 1989; Woodson and Crothers, 1988a) and the
pyrimidines adopt both intrahelical (van den Hoogen et al.,
1988d; Woodson and Crothers, 1988c) and extrahelical
conformations (Morden et al., 1983; Morden et al., 1990;
Morden and Maskos, 1992; van den Hoogen et al., 1988a; van
den Hoogen et al., 1988b; van den Hoogen et al., 1988c).
Computer modeling of unpaired bases has been conducted
in conjunction with the NMR data to acquire a structural
representation of the duplex.

Most of the theoretical

calculations on duplexes containing an unpaired base have
been conducted on duplexes with intrahelical structures
(Hirshberg et al., 1988; Keepers et al., 1984; Roy et al.,
1987; Woodson and Crothers, 1988c). There have been only
two studies describing an extrahelical adenine (Nikonowicz
et a l ., 1989; Olson et al., 1985), and one study describing
an extrahelical thymine (Pieters et al., 1990).
All the studies discussed thus far have represented DNA
as a static molecule.

However, DNA is not static, it is

flexible and experiences internal motions (Englander and
Kallenbach, 1984). One of the internal motions of DNA that
has been extensively studied is the process of base-pair
opening.

Opening is referred to as a transitional state

from which exchange with the solvent can occur.

The
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structural basis of this transitional state and the
mechanism for the process of base-pair opening is currently
not defined.

None the less, the process has been measured

by a variety of techniques, including but not limited to,
temperature jump studies and NMR.

The major advantage to

the use of NMR for monitoring the internal motions is the
unambiguous identification of a specific resonance arising
from a particular proton.

In the NMR experiments the

hydrogens from the base exchanges with the solvent (water).
For nucleic acids the protons which undergo exchange are the
imino protons of guanine (Hi) and thymine (H3) (Figure 1.7).
These protons are directly involved with base-pairing.

In

the NMR spectrum the imino protons are observed well
separated from other resonance when hydrogen bonded, thus
allowing for ease of assignments and monitoring during the
experiment.
Opening of the base-pair is not measured, rather the
rate of exchange of the proton from the base to the solution
is measured.

This is then converted into base-pair

lifetimes, which is length of time the bases remain
base-paired.

Therefore, a long lifetime implies that the

base-pairs are more stable than those which have shorter
lifetimes.

The base-pair lifetime has been determined for

several oligonucleotides (Gueron et al., 1990; Gueron et
al., 1987; Kochoyan et al., 1988; Kochoyan et al., 1987;
Leroy et al., 1988; Leroy et al., 1985; Leroy et al., 1988;
Moe and Russu, 1990).

Studies by these researchers
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pairing shown for the Watson-Crick base pairs of
DNA.
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demonstrated that oligonucleotides containing a random base
sequence have base-pair lifetimes in the range of

10

ms for

A»T base pairs and 15 ms for G«C base pairs.
Oligonucleotides that contain A-tracts (i.e. four or more
A*T base pairs), the base-pair lifetimes were anomalously
long for the A«T base pairs.

This has been suggested to be

a result of the additional bifurcated hydrogen bonds
proposed from crystal structures (Figure 1.3).
Activation energies can be

derived from the

base-lifetimes as a function of temperature and can yield
information on the base-pair opening phenomena.

The

evidence for activation energies has indicated that the
base-pair opening is occurring for a single base pair
(Gueron et al., 1990; Kochoyan et al., 1988; Leroy et al.,
1988; Leroy et a l ., 1988).

Researchers studying the EcoRl

recognition site have shown that there is more variation in
the base-pair opening lifetime of the G»C base pairs (Moe
and Russu, 1990), than had been noted previously.

Thus

indicating that the base-pair lifetimes maybe a pathway for
the method of regonition of DNA by proteins.

DNA Parameters

The nucleic acid structure have parameters used in this
text are those defined by the joint International Union of
pure and Applied Chemistry and International Union of
Biochemistry, IUPAC-IUB.

Each of the parameters are

described in publications detailing the definitions from the
IUPAC-IUB (Diekmann, 1989).

Those parameters which are used

to describe the helix parameters within the context of this
study are described and a schematic of each presented.

In

each of the tables and figures a schematic will also be
presented to aid the reader.
Duplexed DNA consists of two strands and each will be
analyzed in the 5' to 3 1 direction (Figure 1.8a).

Figure

1.8 is a schematic of DNA with the strand direction
indicated and the atom names for the backbone and bases.

In

Figure 1.8b is a schematic of a base pair represented as a
rectangle which depicts the axis and orientation of the
bases in a duplex.

A base plane is defined by the C6/C8

atom, the N9/N7 atom and the Cl' atom.

A base pair plane is

the C6/C8 atom and the Cl' of one base to the C6/C8 atom and
the Cl' atom across the strand.
The base pair has a short and a long axis: the long
axis is from the C6 to C8 of a base pair and the short is
the vector across the center of the base pair.

Several DNA

parameters are defined as rotations around these axes.

Roll

measures the rotation of the base pair plane (best mean
plane through both bases) about the long axis, and is
illustrated in Figure 1.9a.

A positive roll results in the

base pair opening to the minor groove and a negative roll
angle opens to the major groove.

Tilt measures the rotation

of the base pair plane about the short axis (Figure 1.9b).
Idealized B-DNA has the long and short base pair axis
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a

V

Cl

o

Q
P ^

Base
(n-l)

(n+1)

short axis
pseudodyad
o-f— n.

N-/

H.

long axis -dyad
C6 to' C8 vector

Figure 1.8 Schematic of a DNA fragment with the sequence
-A-C-, linked by 3',5' phosphodiester bonds, a) DNA
schematic, b) base pair schematic for the long and short
axis of the base pair.

27

strand 1

Tilt

strand 2

Propeller t w i s t

Figure 1.9 The coordinate frame used to define
the parameters and the parameters roll, tilt
and propeller twist of DNA b a s e s .
a) coordinate frame, b) roll, c) tilt,
d) propeller twist

perpendicular to the helix axis and thus both the roll and
tilt are zero.
Parameters for the base pair are the propeller twist
and the buckle.

Each of these parameters defines the

individual bases as planes.

Propeller twist

(Figure 1.9c)

is the rotation of the two base planes in opposite direction
along the long axis.

When looking down the long axis of the

base pair, if the nearest base is rotated clockwise,
relative to the far base, then the propeller twist is
positive.

Propeller twist is the amount of twist a base has

relative

to the base with which it is

(Figures

1.10 a and b)is also a change of the base planes

from planarity across a base pair.

paired. Buckle

The buckle is determined

by removing any propeller twist then it becomes the dihedral
angle between the base planes along the short axis.

Buckle

results in the base pairs having a concave or convex
appearance, where the values are positive or negative,
respectively.

The difference between the buckle of one base

to the next is defined as the cup (Figures 1.10 c and d)
where, buckle (n+1) - buckle (n) is the cup.
The

coordinates of the C l 'atoms

the distances from one C l 1 atom
the strand.

are usedto determine

along

a strandand across

The Cl' atoms are used to determine the rise,

twist and lambda angles as follows: Rise is the distances
between two adjacent base pairs measured at the two ends of
the base pair planes (Figure 1.11a).

The rise is the value

of the distance from one Cl' atom to the adjacent base Cl'

Buckle

d

Cup +

Cup -

Figure 1.10 Definitions of the base parameters
buckle and cup. a) positive buckle of the base
pair, b) negative buckle of the base pair, c)
positive cup measured between base pairs
d) negative cup measure between base pairs
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Rise

b
twist angle
C l ' to C l 1 vector

Twist

Figure 1.11 The helical parameters rise and twist,
a) rise between base pairs using the distance from
C l 1 to Cl' and b) twist between adjacent base pairs
viewed down the helix axis
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atom along one strand projected on the helix axis.
twist

The

(Figure 1.11b) is

the angle formed by the C l '-Cl'

vector of one base pair

to the next Cl'-Cl' vector viewed

a projection down the helix axis.

as

The lambda angle (Figure

1.4) is determined by the angle formed by the Cl' to Cl'
vector across the base pair to the through the glycosidic
bond of a base.

Therefore the lambda angle is determined

for each base.
The phosphate coordinates are used to determine the
distance along one strand to the adjacent phosphates.
The torsion angles are calculated for the main chain of
the nucleotide, glycosidic angles, sugar ring angles and the
pseudorotation angles (Figure 1.12).
the angles in the range
The pseudorotation
sugar conformation.

The NEWHEL92 outputs

of 0° to 360°.
angle value is used to determine the

A pseudorotation angle value, P, is

calculated using the following equation (Altona and
Sundarallingam, 1973):

P = arc tan

(v4+v.)-(v, + V 0)
2 * Vj(sin 36°+sin 12°)

(1 .1 )

where Do, Di, \>2 » 1>3 and U 4 are the torsion angles of each
of the sugar bonds (Figure 1.12).

The torsion angle around

the C3 ' to C 4 ' bond is described by 1)3 and 8.

However the 8

angle uses the backbone as the definition, C 5 '-C4'-C3'-031,
while the 1)3 uses the sugar ring atoms for the definition,
0 4 ‘-C4'-C3'-C2'.

The P angle value is computed by the

oc

05'

C2 (pyrimidine
C4(purine)

C5 1

B ase

C4 '

1)4
ci'

N9 (purine)
N1 (pyrimidine)

03 '

t(T>
05'

(X =
P=
Y=
8=
£=
5=

33Q°-265°-182°
313°-128°
2 90°-214o-35°
35°-75°-168°
29Q°-150o-140°
290o-155o-60°

Figure 1.12 The sugar-phosphate backbone torsion
angles for a nucleotide unit and the atomic numbering
scheme.
The values for idealized B-DNA for the main
chain torsion angles are listed, with the most
predominate values underlined.
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NEWHEL92 program.

The P angle values cluster in two domains

for B-DNA, these are P=-l° to 34° for C 3 'endo conformation
(Figure 1.13a), and P= 137° to 194° for the C 2 1endo
conformation (Figure 1.13b)
1973).

(Altona and Sundarallingam,

The sugar conformations can be described more

generally as two families: the C 2 1endo family and the
C 3 'endo family

The C 2 'endo family encompasses the C 2 'endo,

Cl'exo, C 4 1endo and C 3 'exo conformations.

The C 3 'endo

family encompasses the C 3 1endo, C 4 ’exo, C l 'endo and C 2 'exo
conformations.

The other allowed sugar conformations,

0 4 1endo and 04' exo, are the transitional states.
The glycosidic bond defines the orientation of the base
to the sugar.

Torsion angle, %, is defined as 04'-Cl1-N1-C2

for pyrimidines bases and 0 4 1-Cl1-N9-C4 for purine bases.
for nucleic acids, a n d and syn

Two conformations

are common

(Figure 1.14) For

DNA

300°, and the syn

is between 60° and 115°.

the a n d range is between 210° and

Of the remainder of the

backbone torsion angles none

have been used to describe a specific conformation of the
backbone in nucleic acids.
in Table 1.1.

The definition of each is listed

However a correlation exists for the

difference between two torsion angles £ and

These

torsion angles are those which are found on the 3'
phosphates

(Figure 1.12).

The definitions for these two

angles are as follows: £ is C 4 '-C3 '-03 '-P and C, is
C 3 1-03'-P-05‘, where 05' is part of the adjacent nucleotide.
The differences value, £-£/ describes the 3 1 phosphate
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03

C3

C5
Cl

C 3 'endo
C2 1

c5'

C21
C4

03

Base
■04

Cl

C 2 1endo

03 '

Figure 1.13 The major sugar puckers defined for
nucleic acid furanose ring, a) C 3 1endo sugar pucker
b) C 2 1endo sugar pucker.
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H
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\

z"1
c-— c

// AV

N

.c

\=N

C5

/

03'

anti

N — H
H

C5

03 1

syn

Figure 1.14 Orientation of the base to sugar defined
by the torsion angle % (glycosidic bond) . a) anti and
b ) syn.
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conformation (Figure 1.15).

There are two possible values

where B ji is a positive value for £-^ and Bj is a negative
value.
Each of the parameters used in the discription of the
helix are described in Table 1.1.

These are in alphabetical

order to be used as a glossary for the parameters in the
text. The torsion angles defining the nucleotide backbone
are in Table 1.2.

In addition, Table 1.2 also has the

conformations which are defined by a particular torsion
angle range.

The range for each torsion angle is given and

where appropriate a value associated with idealized B-DNA.
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Base

•C5'
04’
Cl

C4

C2*

C3'

' 03

Figure 1.15 Phosphate conformations which are defined
by e-£. The B n conformation is a positve value of e-£
and the Bj conformation has a negative value of e-£
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Table 1.1 The definitions of the parameters used in
describing the nucleic acid structures
Parameter
Base pair axis
long axis
short axis

Definition
the vector from the C6/C8 of one base
to the C8/C6 of the complementary base
a vector perpendicular to the long axis
and is a normal to the helix axis and
going through the helix axis

Buckle

the dihedral angle formed between
base planes along the short axis where
the base pairs are convex or concave

A, angle

angle formed between the glycosdic bond
(N1/N9-C1')the Cl' atom of one base to C l 1
atom across the base pair.
A,-difference -symmetrical < 10a
A,-dif ference -asymmetrical > 10a

Propeller twist

rotation of the two base planes in
opposite direction about the long axis

Rise

distance between adjacent base pair planes
measured from the C l ' atom to C l 1 atom

Roll

rotation of the base-pair plane
about the long axis;postive roll opens
toward the minor groove

Tilt

rotation of the base-pair plane
about the short axis

Twist
rotation about the helix axis;.measures
the angle formed by the intersection of
the C l 1 atom to C l ' atom vectors when
viewed down the helix axis
a

According to Kennard, (1987)this value could be as high
as 19.
See Chapter 3, Table 3.2 page 60 and Chapter 4
page 197 disscussion of this dissertation.
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Table 1.2

Torsion angles used to define nucleotides

Torsion anales
Backbone
a

definition
0 3 1 (n-1) - P - 0 5

'- C 5 1

Ranae

B-DNA

330°-182°

265°

P

P - 0 5 '- C 5 1- C 4 1

313°-128°

128°

Y

0 5 1- C 5 1- C 4 1- C 3 '

290°-

35°

214°

8
e

C 5 1- C 4 '- C 3 '- 0 3 1

35°-168°

75°

C 4 '- C 3 '- 0 3 1- P '

290°-140°

50°

c

C 3 1- 0 3 ' - P - 0 5 1 (n+i )

290°-

60°

155°

Phosohate conformation:
determined for the 3 ' phosphates of a
nucleotide using the e— £ values
Bj is a negative value for difference, e-£
B ji is a positive value for difference, e-£
Glycosidic

0 4 '- C l '-N9-C4
purines
Glvcosidic conformation:
rotation of the gycosdic bond such that
anti-torsion angle % is between 240 to 90°
syn -torsion angle % is between 60 to 270°

furanose

used to calculate the pseudorotation angle
to determine the sugar conformations

Do
Dl

0 4 1- C l 1-C21-C3 •

D2

C l ' - C 2 ’ -C3 ' -C4 '

D3

C 2 1- C 3 ' -C4 ' -04 '

X>4

C 3 1- C 4 ' -04 ' -Cl1
SuaarPucker based on P angles:
C 2 'endo family ranging from 299° to 34°
- C 4 ' endo, C 3 1exo, C 2 1endo, C l ' exo
C 3 ' endo family ranging from 137° to 194°
- C l 1endo, C 2 ' exo, C 3 1endo, C 4 ' exo
transitional-04'endo.. and 04 ’ exo

1
0
H1
1
o
to

X

0
it*.
1
0

X

orientaion of the base to the sugar moiety
0 4 '- C l 1-Nl'-C2
pyrimidines

n+1 and n-1 designate the adjacent nucleotides

CHAPTER 2
Theory of Molecular Modeling and Molecular Dynamics
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Theory of Molecular Mechanics Calculations-AMBER

There are currently large numbers of molecular
mechanics functions in use by numerous research groups.
Each of these have unique characteristics defined by the
developer to accommodate a specific problem and are
discussed in detail in the literature.

Therefore, the

following discussion will include only the information
necessary to understand the methodology, results and
discussion of the molecular modeling of oligonucleotides
described in chapters 3 and 4.
Macromolecules with a large number of degrees of
freedom can have many possible conformations.

The

application of molecular mechanics to these structures
reduces the number of conformations to be considered by
selecting those which have the lowest energy.

Molecular

mechanics calculations use analytical functions to describe
the potential energy of the system in terms of the valence
interactions (Kollman, 1987).

These functions have been

successful in describing the bond stretching, bending,
torsion, and nonbonding interactions of organic molecules.
These molecules are mostly composed of C, N, 0, H and F or
Cl atoms which have sp^c-sp^c bonds and x-sp^c-X bond angles
that are nearly tetrahedral (Allinger, 1977).

The

simplicity of the method has resulted in a large number of
molecular mechanics programs with empirical energy
functions, each developed to solve a particular set of
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biochemical problems.

This is in contrast to the quantum

mechanical programs widely used in organic chemistry, e.g.,

ah initio calculations (Clark, 1985).
The program, Assisted Model Building and Energy
Refinement

(AMBER), was developed to have a wide application

to proteins, nucleic acids and small molecules (Weiner and
A . , 1981).

The AMBER force field permits the complete

relaxation of all Cartesian degrees of freedom and
derivations of electrostatic parameters for amino acids and
nucleotides (Weiner et al., 1984).

These include the

following: 1) reduction of the negative charges of the
phosphates on the backbone of DNA, 2) an improper torsion
angle parameter used to ensure that the amino and carbonyl
groups of both the amino acids and nucleotides remain in the
same plane, and 3) special parameters to calculate the
hydrogen bonding interactions of those hydrogens on
nitrogens and oxygens.

AMBER has become the standard for

the molecular mechanics used to derive computer models of
nucleic acids.

Most of the programs that are available from

other sources have incorporated the AMBER force field
characteristics for modeling of DNA.
The energy of the system is described for AMBER by
Equation 2.1.

The equation has five energy terms, where the

first is the covalent bond, the second the bond angle, the
third the includes all the torsion angles, the fourth the
nonbonded interactions and the fifth the hydrogen bonding
terms.

The equation is written as follows:
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Where K is the force constant, b is the bond length,

6 and

<D are the bond angles and torsion angles, respectively.

In

the non-bonded summation the terms A and B represent the Van
der Waals interactions and the last term is the
electrostatic interaction,

e is the dielectric constant, q

is the charge, r is the interatomic distance, and i and j
are the respective atoms being calculated.

In the H-bond

summation is the interactions of the acceptors and donors
for the formation of hydrogen bond.

Contained in the first

three terms of Equation 2.1 are the effects of twisting and
stretching about the bonds attached to a given atom.

They

also encompass the energy difference from the ideal values,
to the actual values.

The idealized values are those

derived from experimental evidence and are a part of the
parameter set of AMBER.

These idealized values have been

parameterized with fixed bond lengths and angles because the
variations in these values are small for biomolecules.
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In the nonbonded summation has several terms contained
within it.

These terms are defined within AMBER to obtain

results which can be compared to experimental and
crystallographic data.

The term for the Van der Waals has

a 6-12 which is consider the optimum as long as the
interatomic distances for a given set of atoms is not less
than the sum of the Van der Waals radii (Weiner et al.
1986) .

The 1,3 or 1,4 Van der Waals interactions define the

number of bonds involve atoms which are separatedby two or
three bonds, respectively.

A 1,3 interaction indicates that

the steric repulsion forces are bonded to the same center
atom and cannot approach too closely.

This is significant

when dealing with small ring systems.

For example, with a

1,3 interaction rings with five or more atomic members will
have as many 1,3 interactions, as there are atoms, while in
four membered rings there are two interactions and in three
membered rings there are none.

The result is inaccurate

bond angles and bond lengths: as the atoms move close
together, the steric forces begin to dominate the structure.
However, a 1,4 interaction has the steric forces 3 bonds
apart.

For example, in a 6 membered rings there are 3 sets

of 1,4 interactions.

A special handeling of the 1,4

interactions is proposed for nucleic acids since the rings
on the bases are 6 membered, with the effects scaled by 0.5.
This scaling is a result of much experimental testing and
occurs within AMBER once a nucleic acid is defined.
of the 1,4 interactions allows atoms which are bonded

Scaling

together each other to approach closer than Van der Waals
interactions would normally permit.
A parameter which is the subject of much discussion is
the dielectric constant,

e, in Equation 2.1.

The effect of

the dielectric constant is to scale the charge-charge term
of the nonbonded interaction.

Often the dielectric is

defined as a fixed value, where the value of 1 Debye implies
an in vacuo calculation and 78.5 Debye is a value equivalent
In an in vacuo calculation the charges at a long

to water.

distances are as attractive as those at close distances,
because when e equals 1 there is no affect on any of the
charges.

However, the value of 78.5 Debye, which is derived

from water, dampens the attractive and repulsive
interactions.

This occurs because the charge interaction

energy is divide by the dielectric constant.

A consequence

of a 78.5 Debye dielectric is that charges are allowed to
move closer together than would otherwise be expected.
Another approach is to use a distance dependent dielectric.
The dielectric term then becomes a function of the distance
between two atoms.

A distance dependent dielectric has

implicit water and allows long distance interactions to be
dampened more than the interactions in close proximity.
Another parameter of importance is the cutoff distance
for the nonbonded interactions.

This value determines the

distances at which nonbonded interactions are no longer
considered.

The best approach is a gradual scaling of the

interactions to zero as the cutoff distance is reached.
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This creates a smooth transition within the region where the
nonbonded interactions are being calculated.
The H-bonded summation of Equation 2.1 contains terms
which define the attractive and repulsive charges of the
acceptors and donors involved in hydrogen bonding.

This

term is defined by AMBER to obtain results which can be
compared to experimental and crystallographic data.

It has

a potential which prevents unrealistically short hydrogen
bonds.

There are two unique force fields within AMBER.

The

united-atom and all-atom force fields use the same potential
energy functions to calculate the distances and interactions
for the hydrogen (Weiner et al., 1984; Weiner et al., 1986).
However, the united-atom force field decreases the
computational time by applying potential to interactions
that are of hetero-atom origin.

While the all-atom force

field includes all the hydrogen atoms in the calculations.
For nucleic acids the major contributions for the structure
arises from the hydrogen bonds of the non-carbon atoms of
the bases, therefore the united atom force field is applied.
Molecular mechanics calculations are characterized by
obtaining a local energy minimum by moving the atoms into a
trajectory for a proposed potential energy.

The energy

derived from this procedure is approximately the average
potential energy of the structural intermediates required to
obtain the final structure.

The final structure is achieved

when the energy difference between the current structure and
the last noted structure is equal to or less than the root
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mean square (RMS) of the energy difference at the end point.
The end point RMS values are in the range of 0.1-0.0008
kcal/mol/A.

The first is for very large molecules and the

second is used in most ab initio calculations.

A second

method used for the termination point is the number of
iterations.

This number is used as a cycling point for the

calculations and is not a true end point.

Theory of Molecular Dynamics Simulations

The theory of molecular dynamics has a wide scope and
many texts and reviews are available for further discussion
(McCammon and Harvey, 1987).

Therefore, only the

preponderant aspects on molecular dynamics will be discussed
for the reader to understand the results and discussion
herein.
Molecular dynamics is a method of studying
configurational space of the molecular system by integration
of the potential energy functions and its associated force
field.

Molecular mechanics calculations and molecular

dynamics are similar.

The first dynamic calculations were

carried out on simple liquids under the basic assumption
that using an infinite number of dynamic simulation are
equal to the integrals over configurational space (Clark,
1985) .

The initial calculations and simulations reproduced

thermodynamic properties and average geometrical features
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which indicate that the potential energy functions were
reasonably accurate and might be used to simulate more
complex molecular systems.
The most common method of studying conformational
structures is energy minimization which is a static
representation of a possible structure.

These energy

minimization provides no information on the dynamic
mechanism, and most importantly, the final structure is
greatly dependent on the initial starting structure and the
path which is followed.

If a molecule is in an energy well,

shallow or deep where the calculations can not decrease the
energy or if an incomplete relaxation occurs, errors in the
analysis result.

Therefore, to avoid this type of situation

it is often necessary to have several starting structures.
Alternatively, dynamics allows for the examination of more
conformational space and overcome incomplete relaxation thus
removing, in part, the path dependence.

Dynamics can do

this because it has a finite temperature function which is
often able to surmount low potential energy barriers and
examine more conformational space.

This can be enhanced

with the use of higher temperatures.
Two common approaches are used in dynamic simulations:
the normal mode analysis and molecular dynamics simulations.
The first involves a system in which the motion is described
as a superimposition of harmonic vibrations near the energy
minimum.

This requires the solving of complex matrices and

is used for molecules containing less than 200 atoms and
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some small proteins such as bovine trypsin inhibitor (Maple
et a l ., 1988).

The second is molecular simulations where a

set of classical equations of motions are solved by
numerical methods over a short time frame ranging from
picoseconds to nanoseconds (Hagler et.al., 1979).
Macromolecular systems
can be defined

have large number of atoms which

as groups of atoms with effective local

potential energies.

Because of the large number of atoms,

the use of quantum dynamical effects is not possible and
thus ignored.

This results in each atom being a point mass

and the motion

is dependent on the force exerted on it by

the other atoms.

These motions are described by classical

Newtonian equations.
The procedure for dynamics is most easily described by
the Verlet method (Hagler et al., 1979; Levitt, 1982).

This

method integrates the equations of motion for an atom:

x (t )
-*
-*
.=►
ir^ --- 2— = m i. ai(t ) = Fi = - V A E
^t

(2.2)

where m is the mass, x(t) is the position, ai is the
acceleration,Fi is force on the

atom, E is total

energy

function of the system and V; is a gradient with respect
xi.

The total energy of the system is computed with the

force field integrated into the equation of motion.
Equation 2.2 is solved numerically and is iterated over
time, t.

The method of Verlet (Hagler et a l ., 1979;

to
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McCammon and Harvey, 1987) uses the leapfrog method for the
integration of the equation.

This implies that the computer

calculates the motion at discrete intervals, which are the
time steps At given by:

-

->

x (t + A t ) - x (t )

d x (t *)

--- At = V (t *)At
dt

where V(t*) is the velocity at time t*.

(2.3)

The method uses the

midpoint of the time interval in Equation 2.3 to calculate
the velocity at each step, which is a trucation of Equation
2.2.

In order to solve Equation 2.3 the final value is also

truncated since x (t + At) is an infinite Taylor series at
At.

Each of the force fields and dynamic algorithms dictate

the method of truncation to be used.

In AMBER and SYBYL

dynamics these are treated as follows (Weiner et a l ., 1984;
Weiner et al., 1986): the velocity of the atoms are not
constant, therefore, the velocity at time t* is
approximately a constant, and is evaluated at (t + At/2).
The velocity at the
previous

midpoint can

then be

time step.The acceleration

is

calculated from the
calculated directly

from the force in Equation 2.2, and the equation becomes:

-»
-»
V (t + At/2) = V (t+ At/2)

-»
+ a At

(2.4)

After the velocity is calculated from, Equation 2.4, the
value is substituted back into Equation 2.3.

This is
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iterated throughout the dynamics cycle.

Since the position

of each atom is calculated at discrete time intervals as a
function of the velocity (i.e.Equation 2.3), the size of the
time steps is significant.

The time steps must be small in

comparison to the length of time required for the highest
frequency of motion in the given molecule.

This is,

therefore, dependent on the molecule, but the highest
frequency of motion is that of stretching of the bonds for
hydrogen atom (femtosecond range).
The methods of simulation for a molecule can be divided
into two general categories.

The first method is with

constant volume, energy and particles (Clark, 1985) .

Total

energy of the system becomes a constant term of the motion
since the system is closed and the total energy is a sum of
the potential energy and kinetic energy of all the atoms.
The kinetic energy and the temperature depend on the
velocity of the atoms in the system.

The second method is

with constant temperature, volume and particles (Andersen,
1980) .

This is accomplished by scaling the kinetic energy

to a set temperature and increasing the temperature over
discrete intervals.

The initial temperature is absolute

zero and a time interval is set for a given temperature to
be reached and allowed to equilibrate in the bath before
increasing to the next temperature.

A more common method of

constant temperature is to perform the procedure in the
reverse.

The initial temperature is high and the system is

cooled at discrete intervals to room temperature or below.
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The process cools slowly allowing equilibrium to be reached
at each of the time steps and this simulation is referred to
as annealing (Levitt and Meirovitch, 1983).
Dynamics was developed to study motions of simple
fluids.

Systems were treated as spheres to which the

interactions among atoms, using Lennard-Jones potentials,
were added (Verlet, 1967).

Water was the first polyatomic

liquid to be simulated (Rahman and Stillinger, 1971)).

As

computers increased in size and speed the number of atoms
which can be simulated also increased.

These first

calculations on molecules were accomplished with no explicit
solvent present (Singh et al., 1985), rather the
electrostatics interactions were scaled down (Weiner et al.,
1984) or dielectric constants were modified (Chou et al.,
1992; Sarma et al., 1988; Woodson and Crothers, 1988b).
Another alternative representation of a system to mimic
real solutions is to include solvent atoms explicitly and
create an infinite array of atoms (McCammon and Harvey,
1987) .

Computationally this is accomplished by using

periodic boundary conditions.

Briefly the model is copied

and repeated in all directions.
cube embedded in a cubic lattice.

The model then becomes a
This procedure ensures

that all the atoms are surrounded by either an atom or an
image of an atom.

The calculations are carried out whenever

possible on the real atoms, or the atom closest to the real
atom.

Thus only one interaction per atom pair is

calculated.

To ensure the calculations are per one atom

pair, a box size should be twice the size of the cutoff
radius or larger.

The cutoff radius is the distance along

which an atom-atom interaction is calculated.

CHAPTER 3
Molecular Modeling of an Oligonucleotide Containing Adjacent
G»A and A*A Mismatched Base-pairs
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Introduction

The presence of non-Watson-Crick base-pairs have been
speculated to exist as a mechanism to explain the degeneracy
in the genetic code.

This is based on the legacy of the

Watson-Crick base-pairs with mutations as resulting from
non-complementary base-pairs (Loeb and Kunkel, 1982).

The

major feature of this premise is that a purine-pyrimidine
mismatch could more easily be accommodated into a D N A helix,
while the purine-purine and pyrimidine-pyrimidine mismatches
would not.

The rationale behind this premise is that a

purine-pyrimidine would satisfy the hydrogen bonding
potential of each base and there would be little difference
in the size as compared to the Watson-Crick base-pair.

A

purine-purine mismatch, on the other hand, is larger than
the Watson-Crick base-pairs and a pyrimidine-pyrimidine
mismatch is smaller than the normal Watson-Crick base pairs.
Therefore the presence of a purine-purine or
pyrimidine-pyrimidine would not be as well accommodated in
the duplex.

The hydrogen bonding scheme and size criterion

has been substantiated by the fact that polymerase chooses
the nucleotides that best forms the sterically acceptable
base pair (Loeb and Kunkel, 1982).

However,

non Watson-Crick base-pairs have been demonstrated in DNA.
The occurrence of these mispaired bases resulted in many
theories on the formation of mismatched bases including the
following: formation of tautomers

(Friedberg,

1989; Topal
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and Fresco, 1976), ionization of bases (Topal and Fresco,
197 6), wobble base-pairs (Crick, 1966) and schemes involving
rotations of the base around the glycosidic bonds forming
anti-syn isomers

(Traub and Sussman, 1982).

Each of these

mechanisms could explain the presence of mismatched
base-pairs, however of importance to this study is not how
mismatches are formed but rather what are the structural
implications for the DNA.

Specifically, are there major

deformations or are the mismatcheed base-pairs accommodated
with little perturbation of the duplexed DNA.
Many mismatches have been shown to occur in DNA
including the G«A, A®C, T*T and G«T (Kennard, 1987; Kennard
and Hunter, 1990).

Theoretical calculations have proposed

the existence of all the possible combinations of the four
nucleotides and those arising from base pairing with uridine
(Saenger, 1988).

There are many reviews of the

oligonucleotides containing non-Watson-Crick or mismatched
base pairs for those in crystal structures (Kennard, 1987;
Kennard and Hunter, 1990) for solution structures (Patel et
al., 1987) and theoretical structures (Chuprina and Poltev,
1983; Chuprina and Poltev, 1985).
Of the mismatches that are in the literature, the
purine-purine mismatches are important for this study since
the models which will be generated contain an A*A and a G»A
mismatch.

G»A mismatches have been shown to exist in

several conformations as shown Table 3.1 and the indicated
base-pairing schemes for each of these mismatches are shown

Table 3.1 The oligonucleotides which have been investigated which contain G»A mismatches
the G»A mismatch base pair type, conditions/method of study and the researcher.
The G«A
base pair orientation will be designated and is compatibile with Figure 3.1.
Oligonucleotide
secruence

Type G •A
mismatch

Method
conditions

Investigator

1

d(CCAAGATTGG)2

Ganti "Aanti

X-ray

Prive et al.,

1987,

2

d (CGCSAATTAGCG)2

Ganti *A Syn

X-ray

Brown et al.,1986; Hunter et al . ,1986

3

d<CGCAAGCTSGCG)2

Ganti *A Syn

X-ray/neutral

Webster et al. 1990

4

d(CGCAAATTGGCG)2

Gsyn*A+anti

X-ray/pH 6.6

Brown et al. 1989; Leonard et a l ., 1990

5

d(CCAASAATTGG)2

Ganti *Aanti

NMR/basic

Kan et al., 1983; Nikonowicz et al.,
Nikonowicz and Gorenstein, 1990

6

d (CGAGAATTCSCG)2

Ganti *Aanti

NMR/basic

Patel et a l ., 1984

7

d (GCCACAAGCTC)
(CGGTGfiTCGAG)d

Ganti *Aanti

NMR/neutral

Carbonnaux et al.,

8

d (CGfiGAATTC&CG)2

Ganti *Aanti

NMR/basic

Gao and Patel,

1988

9

d(GCCASAAGCTC)2

Ganti *Aanti

NMR/basic

Gao and Patel,

1988

10

d(GCCACAASCTC)
r(GCGAGCU)

NMR/ neturai
NMR/ pH 4.0
NMR

Carbonnaux et al.,

11

Ganti *A anti
Gsyn*A+anti
Ganti"Aanti*

12

d(ATGAGCSAATA)2

Ganti"Aanti*

NMR

Li et a l ., 1991

13

d (GCGAATAAGCG)2

Ganti"Aanti*

NMR

Maskos et al.,

Heus and Pardi,

1988

1991

1991

1991

1991

1991

ui
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in Figure 3.1.

Thus, from Table 3.1 there are four

conformations of G»A mismatches (Figure 3.1) which have been
reported Ganti®Aanti, Ganti®Asyn/ G Syn «Aanti and another
Ganti*Aanti*•
Ganti*Aanti

ln the following discussion the last
will be denoted with an asterisk as shown to

separate the two different anti*anti conformations.
A G*A base pair is larger than the normal Watson-Crick
base-pair, which is based on the fact both base are purines.
Thus, it was hypothesized that if a G*A base pair were to be
present in the duplexed DNA then it would necessitate an
increase in the cross strand distances due to steric
concerns.

The cross strand distances are shown in Table

3.2, and not all are increased.

The Ganti#Aanti base pair

from the crystal structure (Figure 3.1a) has a cross strand
distance of 12.2 A, determined from the C l ’ atom of one
strand to Cl' atom of the complementary base, which is
larger than 10.5 A for idealized B-DNA (Prive et a l ., 1987).
However in Ganti*Asyn and GSyn *Aanti the C l ’ to Cl' cross
strand distances are 10.7 A (Brown et al., 1986; Brown et
al., 1989; Hunter et al., 1987; Leonard et al., 1990;
Webster et al., 1990), which are approximately equal to that
seen in B-DNA.

Therefore the anti*syn conformers should be

easily accommodated within the DNA and the anti®anti
conformation would extend out at the site of the mismatch.
Prive et al (1991), however, demonstrated that the
Ganti*Aanti conformer was accommodated without creating an
increase in the dimensions of the helix at the site of the

®anti *^syn

'anti *^anti

Riboee

— H
Ribose
— — N

N --

Ribose

syn

®syn

®anti *-^anti

anti

N

-----------

I\

Ribose

N

- Q

Ribose

I

H-— H +

Ribose

.M

Ribose

'Y

Figure 3.1 Experimentally observed G«A base pairing schemes (see Table 3
a) Ganti’Aanti/ b) Ganti'Asyn c) Gsyn*A+anti d) Ganti'Aanti*•

Table 3.2
The X angles, Cl' to cross strand C l 1 distances and the A,-differences,
Values are taken form crystal studies or modeling studies. The mismatched base pairs
are referenced in Table 2.1 or in the text.

Base Pairs

A,1

X2

^-difference

Cl* to Cl'
Cross strand

A*T

52

51

1

11.6

no repair

G»C

52

54

2

no repair

Ganti #Asyn

40

59

19

10.5
10.7

Ganti'Aanti

45

59

14

12 .2

least

Gsyn*Aanti

49

56

7

10.8

least

A»C

68

46

22

11.8

intermediate

G»T

69

42

27

10.2

most

Repair
efficency

least
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mismatched base.

This was accomplished by shifting

Ganti*Aanti base pair on the helix axis and creating a
larger twist angle at this site.

The oligonucleotide,

d(CCAAGATTGG) 2 , containing two adjacent central Ganti*Aanti
mismatches has a twist angle of 50° (Prive et a l ., 1987).
The other Ganti*Aanti* mismatch (Figure 3.Id) is also
proposed to have a high twist angle at the site of the
adjacent mismatch in order to accommodate the unusual base
stacking interactions (see Table 3.1, sequence numbers
11-14)

(Li et al., 1991; Maskos et al., 1991).

However, the

Ganti#Asyn mismatch in the sequence d (CGCCJAATTAGCG) has a
twist angle of 36° (Brown et al., 1986) that is similar to
idealized B-DNA.
The repair rate for mismatched base pairs has
that the G® A mismatch is

the least repaired

of

indicated
the

mismatches studied (Claverys et al., 1983; Fersht et al.,
1982).

The order of repair from the most efficient to the

least is G®T, A®A, G®G, C®A, C ®C, and G® A. Kennard (1987)
proposed that the repair
The

X

rate my be related to

theX angles.

angle definition was described in the introduction and

is shown in Figure 1.4.

The

A,

angles for the mismatches

that have been crystallized are shown in Table 3.2.
Watson-Crick base-pairs have symmetrical
the G®C base-pairs
The

X

X

angles for both

(52°, 54°) and the A®T pairs

(52°, 51°) .

angles of the G®A mismatches are as follows from Table

3.2: the anti®anti angles are 45°, 59° (Prive et al., 1987),
the syn’anti the angles are 49°, 56° (Webster et a l ., 1990)
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and for the ant.i®syn the angles are 40°, 62° (Brown et al.,
1986) as compared to other mismatches (G®T/69°, 42°;
A®C/68°, 46°)

(Kennard, 1987).

The

X

angles independently

appear to be quite similar, yet the repair rates are
different.
Perhaps a simpler view might be gained by examining the
absolute value of the difference between the X angles, and
these differences are also shown in Table 3.2 as
^.-difference.

The Ganti*Asyn mismatch has a

X— difference

value of 7°, with the other Gaat *Aanti and Ggyji®Aai}£j_ 14°
and 19°, respectively.

This is compared to the A®C and G®T

mismatches with A,-dif ferences of 22° and 27°, respectively.
Of the mismatched base pairs the A,~difference values are
lowest for the G® A base pairs.
Another purine-purine mismatch, the A®A mismatch, in
contrast to the G®A mismatch, has been shown to be
efficiently repaired.

Because the A®A mismatch is a self

pairing mismatch, there are a limited number of possible
arrangements for the base pairing.

However, until recently

there has been no experimental evidence for an A®A base pair
in DNA.

Using NMR data, Maskos et al.

(1991) indicated that

there were two A®A base pairs (bold) and two G®A base pairs
in the sequence d (GCGAATAAGCG)2•

This pairing is shown in

Figure 3.2 c.

The presence of mismatched base pairs has been
demonstrated in numerous nucleic acid structures and they
are easily integrated into B-DNA without a significant
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H— N

G«A

A* A

5'

1 2 3 7 6 5 4 8 9
5
3

10 11

G--C--G A A T A A--G--C— G
G C G A X A — T--A— */ G C G
11 10 9 8 4 5 6 7 3 2 1

3'
51

Figure 3.2 Base pairing and cross strand stacking
proposed by NMR of the oligonucleotide d (GCGAATAAGCG) .
a) base pairing scheme proposed for G»A and A»A
b) cross strand stacking c) Oligonucleotide duplex from
which NMR data was obtained.
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alteration of the structure.

Additionally, consecutive

mismatches do occur in nucleic acids and are important
structural aspects of the nucleic acid (Forster and Symons,
1987a; Forster and Symons, 1987b; Gutell and Fox, 1988;
Gutell et al., 1985; Panyutin et al.,1990).

This last

component, the structural aspects of the consecutive
mismatches,

is of interest to this study.

What alterations

in the structure occur when an adjacent mismatch is present?
Maskos et al.

(1991) from solution NMR data obtained on

d (GCGAATAAGCG) the G®A and A® A mismatches base pairing
scheme shown in Figure 3.2a was proposed.

The data also

indicated that the adjacent mismatch forms an unusual cross
strand stacking (Figure 3.2b and c ) .

Consequently an

overwound structure was postulated to be present in solution
(Maskos et al., 1991).

Recently, the base pairing proposed

for the G® A mismatch was also proposed for a G®A base pair
in an RNA stem loop (Heus and Pardi, 1991) and for adjacent
G®A mismatches in the oligonucleotide d (ATGAGCGAATA )o (Li et
al., 1991).

The unusual cross strand stacking was also

suggested in this oligonucleotide.
Using proton NMR on the oligonucleotide d (GCGAATAAGCG) 2
a base pairing scheme for the mismatch base pairs G®A and
A®A were defined (Figure 3.2a) and stacking arrangement was
proposed (Figure 3.2b).

From these data the two strands

were proposed to exist as shown in Figure 3.2c.

On the

basis of this information, a duplex d (GCGAAT) • d (ATAAGC)
containing two mismatches (G®A and A®A) was constructed.
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This duplex will be designated as the hexamer duplex.

The

effect of the unusual mismatches and the cross strand
stacking are examined to determine the overall structural
deformations resulting from the proposed overwound
structure.

Method

The starting base pairs, d(GA)*d(TC), was constructed
from the B-DNA coordinates of Arnott and Hukins (1972) and
displayed on an Evans and Sutherland V50 graphics system
equipped with SYBYL, Tripos Inc. St. Louis, MO.

Using the

insertion analog in SYBYL, the d(TC) strand was changed to
d(AA), which results in the mismatch base pairs G*A and A»A.
To generate the base stacking (G3 over A7; A8 over A4)
deduced from NMR data (Maskos et al., 1991), the center of
the base was determined and this was defined as the centroid
atom.

For each base pair a 3.5 A constraint was applied

between the centroid atom of one base to the appropriate
centroid of the base to be stacked above it as shown in
Figure 3.3a.

To attain the desired base pairing schemes

proposed (G3 paired to A8 and A4 to A7), constraints were
applied to the expected base pairing sites (Figure 3.4).
These sites are the location of possible hydrogen bonds and
set at a range of 1.5 to 1.8 A.

These constraints were

placed on the base pairs to keep the molecule from being
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Figure 3.3
The procedure used to generate the hexamer
containing the adjacent G»A and A»A mismatched base pairs.
Minimizations were conducted with AmBER 3.0 all atom force
field with in SYBYL.

N

Base pairing

I
Ribose

H — N

Ribose

A«A

»

i= centroid

G3

A8

Constraints applied to the
other atoms
Atoms constrained

A4

A7

G3

to

A7

3.5 A

A4

to

A8

3.5 A

G3(HI')
A7(HI1)
A8(H2)
A7(H2)
A4(H2)

-

A4(H8)
A8(H8)
A 4 (HI')
G3(HI')
A8(HI1)

constraint, A
2.5
2.5
2.5
2.5
2.5

Figure 3.4 The constraints used in the genteration
of the hexamer. a) base pairing constraints, b) base
stacking contraints applied via the centroid, shown in
a and c) the distance contraints applied.

driven apart and forming single strands rather than the
desired duplex.

In addition, the C3'-C4' bonds of the

sugars on each of the four nucleotides were removed to allow
maximum flexibility of the backbone.

Energy refinements

were conducted using the Kollman all-atom force field
(Weiner et al., 1984) and a distance dependent dielectric
function diminishing at 10 A from the molecule.
solvent atoms were added.

No explicit

Minimization was continued until

the RMS (root mean square of the energy difference) was less
than or equal to 0.1 kcal/mol/A.

The sugar bonds were then

reformed on all four nucleotides.

The entire structure was

again minimized until the Root Mean Square was at or below
0.1 kcal/mol/A.
The adjacent base pairs were added after minimization
of mismatched base pair dimer.

These base pairs were added

by docking the base pairs to orginal central base pairs. The
resulting tetramer, d (CGAA)•d (TAAG), was minimized without
constraints as above until the RMS was less than or equal to
0.1 kcal/mol/A.

Two more base pairs were added to the

tetramer, one on each end of the molecule to obtain the
hexamer d(GCGAAT) ®d(ATAAGC) .

Now the molecule had more than

half of the base pairs from the sequence in Figure 3.5 but
the two mismatched base pairs were contained within the
center of the fragment.

Due to the C2 axis of symmetry

present in this duplex, the hexamer describes one of the two
identical sets of mismatches Figure 3.5.
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The hexamer model was then minimized using qualitative
NMR distance constraints on the mismatched base pairs only.
All the NMR data used for these calculations are from proton
NMR and thus are hydrogen-hydrogen distances.

Interactions

which occur between hydrogens that have a fixed distance are
through bonds, such as H-C=C-H, and are strong signals.

The

strength of interaction is distance dependent such that a
distance over 5 A will not be seen.

Therefore, the

intensity of the signals were compared to signals with a set
distance.

If the signal was comparable then it was consider

a strong interaction.

If the intensity was less, a

qualitative determination was made defining each peak as
strong, moderate or weak.

Since this model was to be for

the mismatched base pairs, only the interactions which were
unique to the G»A and A®A mismatch base pairs were
considered.

Then the signals which were strong interactions

were defined as constraints and the values set to 1.5 A to
2.5 A.

This minimization was then allowed to continue until

the RMS value was 0,1 Kcal/mol/A.

The hexamer structure was

then allowed to relax by minimization without constraints.
The hexamer structure was submitted to dynamics
calculation without constraints using the Kollman all-atom
force field and no explicit solvents or counter ions were
added.

Periodic boundary conditions of 30 A cubic

dimensions were applied as was a distance dependent
dielectric function.

All parameters were set as those for

the molecular mechanics calculations described above.

The
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dynamics were run at temperature of 1000°K and annealed to
200°K using 100°K steps and 15 psec intervals.

1 2 3 4 5 6
5' d G--C--G--A--A- -T- -A--A--G-C--G
3 ' G- -C--G--A--A--T- -A- -A--G--C--G
11 10 9 8 7 6 5

3
5

C2 axis of
symmetry

Figure 3.5 The sequence for the oligonucleotide used
as a guide for the modeling studies. The numbering
scheme is shown and the C2 axis of symmetry. The
boxed region is the generated hexamer for this study.

A control was run for the minimization and the dynamics
which had no contraints nor mismatched base pairs.

All

calculations were run under identical conditions.
After the hexamer was completed the NEWHEL92 analysis
was run on the output file (Diekmann, 1989; Fratini et al.,
1982; Kennard, 1987; Prive et al., 1991).

This program was

obtained from Richard E. Dickerson (University California,
Los Angeles) .

The analysis is for equal number of base

pairs in a helix, and generates the helix parameters which
are defined by IUPAC-IUB and described in the glossary of
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Chapter 1, Table 1.1 and Table 1.2.

Each of the parameters

are shown in schematic form in Chapter 1 and where
necessary, a description is provided in the text.

Results

The duplex has a C2 axis of symmetry in the sequence
(Figure 3.5), thus 2 sets of consecutive non-Watson-Crick
base pairs exist in the entire molecule.

In the hexamer

there is an adjacent G*A and A*A mismatch, which is bound on
one side by 2 G*C base pairs, and two A»T base pairs on the
other side.

The base pairs also show the unusual cross

strand stacking.
The global characteristics of the hexamer duplex
indicates that it is, overall, B-DNA (Figure 3.6a).

The

view down the helix axis indicates the duplex is straight
and the bases are perpendicular to the helix axis (Figure
3.6b). The helix axis view also shows that the bases are
clustered into two regions as compared to a regular B-DNA
helix which has the bases staggered forming a complete
circle.

The two regions are a result of the unusual

structure at the G*A and A»A mismatch with cross strand
stacking, shown in Figure 3.2b.
The helix parameters used to describe the model are
discussed in Chapter 1, page 24.

In the hexamer duplex most

of the structural parameters are well within the B-DNA
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Figure 3.6. The hexamer containing an adjacent G»A and
A«A mismatch, a) view perpendicular to the helix axis
and b) view down the helix axis.

range.

The most prominent deviation of the hexamer is seen

in the large twist between the mismatches resulting in the
cross strand stacking of G3 over A7 and A8 over A 4 .

The

twist angle is 75° between the G3*A8 and A4®A7 base pair
step.

The adjacent base pairs twist angles are low with

C2*G9 and A5»T6 at 27° and 29° respectively (T^ble 3.3).

As

a result of the increased twist angle it is expected that
there would be a decrease in the rise between bases at the
locatin of the increased twist angle.

However, there is a

decrease in all rise values for the base pairs steps as
compared to B-DNA, 3.34 A.

Of significance to the

interpretation of the twist angle it is important to keep in
mind that the twist angle is determined from the C l ' to C l '
vectors (Table 1.1).

In this molecule the twist angle is

deceptive since the location base pairs has been shifted in
order have the base pairing in the scheme proposed from the
NMR data (Figure 3.2).
The parameters that describe the base pairs the
propeller twist, buckle and distance across the strand from
the C 1 ‘ to complementary Cl' are shown in Table 3.3.

The

propeller twist has a large change at G3»A8 base pair, with
all the others a magnitude of between 3 and 4°.
buckle also occurs at this base pair.

The largest

The buckle is

positive for only base pair C2*G9, which indicates that the
C2»G9 base pairs and the G3*A8 have opposite buckling
directions, while the A4»A7 and A5®T6 base pairs nested
(Table 3.3).

Table 3.3 Base pair parameters twist, rise, tilt, roll, Cl' to Cl' cross strand
distances, buckle and propeller twisting for the hexamer duplex containing adjacent
G«A and A*A mismatches

twist

Rise

G1«C10
32

2.9

30

3.1

76

2.8

C2 *G9

A4«_A7
30

2.9

36

2.8

A5 »T6
T6*A5

tilt

roll
Cl '-Cl'
distances

buckle

Propeller
twisting

2.0

3.8

9.9

-5.1

3.1

0.7

3.8

9.9

7.8

3.1

2.5

-4.7

7.8

-10.3

-12 .5

0.6

i
O
(£■

Base pair

8.5

-0.1

-4.3

-4.6

8.0

9.3

-0.9

4.1

-1.7

8.0

10.0

-6.0

4.2

The cross strand distances for G3«A8 and A4»A7 base
pairs in the hexamer are 7.8 A and 8.5 A respectively.
These distances are shorter than what is seen in B-DNA of
10.7 A.

However all the remaining base pairs are near 10 A.

Another deviation that is seen in both the G3«A8 and A4»A7
is the roll angle (Figure 1.9).

Both the G3«A8 and A4«A7

base pairs roll angle are negative, namely a -5° and -10°,
respectively.

The other base pairs in the hexamer are

positive (Table 3.3).
The seven nucleotide torsion angles 06, (3, y, 6, %, £
and £ are used to describe the backbone and the orientation
of the base to the backbone or sugar (Chapter 1, Figure 1.12
and Table 1.2).

Of these there are two which have values

associated with the torsion angles, %

and 5.

Two others

have been assigned a specific structure based on the
difference (£ and £).

The remaining torsion angles have a

range for B-DNA, but in crystal structures there is a large
variation (Chou et al., 1992; Fratini et al., 1982; Prive et
al., 1991; Yanagi et al., 1991).

The values for the torsion

angles of the hexamer are listed in Table 3.4.

There is

variation in the torsion angles for the mismatch base pair,
but none outside the range noted in other B-DNA crystal
structures.
The orientation of the base to the sugar is defined by
the glycosidic bond torsion angle, %.

Most of the values of

% for the hexamer are in the range of an anti conformation
(Figure 1.14a) except for one, the

% angle for A8 is 307°

Table 3.4 Backbone torsion angles for the hexamer duplex nucleotides.
The base pairs
are given strand by strand.
In both the strands the mismatch bases are underlined.
The
last values at the bottom of each column is the range that is seen in B-DNA.

P

c

Y

8

285
44
269
298
284

179
190
66
170
129
153

147
147
45
146
38

M
G9
CIO

239
106
54
73
256

43
82
93
185
298

101
53
311
190
168
176

129
76
272
133
128

B-DNAa
Range*5

330
182-265

331
128-313

290
36-150

290
140-155

Base
G1
C2

01
M
A5
T6

a
-

254
230
230
221
42

-

—

186
184
242
204
152
—

X
231
249
239
263
242
217

A

9

A5
T6

KL

_

212
312
80
69
160
—

290
150-155

a Data from fiber diffraction coordinates (Arnott and Hukins, 1972)
k Observed values in B-DNA crystal structures (Saenger, 1988)

253
287
266
308
278
236

300-215
150-30
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(Table 3.4).

However this is not substantially different.

Thus the X values indicate that

all the bases are in ananti

conformation, with the A8, just

outside the range.

The pseudorotation values are used to determine the
orientations of the sugars, which are derived from the sugar
ring torsion rings (Figure 1.12).

The conformations fall

into two broad classes and described in Chapter 1 (Figure
1.13 and Table 1.1 and 1.2).

The sugars in the hexamer are

primarily in the C 2 'endo family

with one nucleotide

transitional sugar conformation

(Table 3.5).

G9 ina

There are

deviations which are seen in the 8 values for sugar which
are different from the pseudorotation values.

The range for

C 2 'endo is 170° to 130°, and for the C3 'endo the range is
30° to 90°.

The deviations of the deoxyribose and

phosphates of hexamer backbone from B-DNA are primarily at
the site of the consecutive mismatches G3*A8 and A4»A7 where
the cross strand stacking occurs.
the sugar to be C3 'endo.

The 8 angle is defines

However, data from Prive et al.

(1991) indicates that the torsion angle 8 is large when the
twist angle is large and they proposed that this was a
result of the extension along the backbone.

Thus, the 8

angle is more a measure of the backbone compensating for the
sugar, which is constrained in the furanose ring .
The
1.4).

X

angles are described in the Introduction (Figure

Table 3.2 lists X angles for several mismatches.

Data for the G»A base pairs

X

angles has suggested that the

G»A mismatch is symmetrical and has a range of 7-19 for the

Table 3.5 The sugar conformations for the hexamer duplex using P angle
values computed on Newhel92. The 8 values are included here for comparison.

G1
C2
G3
A4
A5
T6

166
168
204
148
178
229

60
55
95
44
72
87

C 2 'endo
C 2 'endo
C 3 'exo
C 2 'endo
C 2 'endo
C 2 1exo

★
*
*
*
★

CIO
G9
A8
A7
T6
A5

142
106
164
152
200
198

66
176
178
42
87
72

C 2 1endo
C 4 1endo
04'endo
C 2 1exo
C 3 'exo
C 2 'endo

*= C2'endo family encompasses C2'endo, Cl'exo, C3'exo
#= C3'endo family encompasses C3'endo, C4'exo, C2'exo and Cl'endo
A= transitional sugar conformations 04'endo and C4'endo.

*
*
★
★

Table 3.6
The X angles for the hexamer duplex for each nucleotide.
The strands are
base paired with A,1 and X2 designating angles, respectively.
The X difference is also
listed for comparison.

Sequence

Xl

X2

G1-C10

51

63

13

C2»G9

57

12

G3-AS
A4.A7

63

46
47

20

88

68

A5«T6

49

55

6

T6»A5

46

52

13

A,-dif ference

16

<1

KO

A,-differences.

The

X

angles for the hexamer are given in

Table 3.6, as are the A,-diff erences.

There are two angles

which are similar in A,-difference values in the hexamer
G1»C10 and A5*T6.-

The remainder of the base pairs have

A,-difference values which are different across the base
pair.

The largest difference value is the A4»A7 base pair,

with a ^-differences of 68°, while the G3«A8 value is 16°.

The backbone torsion angles 8 and ^ define the 3 1
phosphate geometries (Figure 1.15).

The difference (8 - £)

define the phosphate into two conformations, Bj and Bn.
Where a negative value for (8 -

C) is

positive value is a B n conformation.

Bi conformation and a
In the hexamer the

nucleotides are in a Bi conformation except for the A7 and
A 8 ; both of these nucleotides are involved in the mismatch.

Discussion

The above theoretical model suggests that adjacent
mismatches can be accommodated within DNA duplex
perturbation.

The presence of two consecutive mismatches

(G3*A8, A4»A7)

in a symmetrical duplex with cross strand

stacking of the G3 on the A7 and the A8 on the A4 results in
alterations of the local structures in the region of the
mismatches.

The NMR data (Maskos et a l ., 1991) suggest

cross strand stacking as well as the base pairing scheme
presented in Figure 3.2a-c.

The cross strand stacking in

Table 3.7
The phosphate conformations of the 3' phosphate for each of the nucleotides
in the hexamer duplex using the difference in the e-£ value, where B n > 0 > Bj.

Sequence

e-C

Phosphate
Conformation

Sequence

e-C

Phosphate
Conformation

G1

-39

Bi

CIO

-83

C2

-36

Bi

G9

-239

Bi
Bi

01

-196

Bi

M

192

B ii

M

-57

Bi

66

Bn

A5

-114

Bi

hi
T6

-31

Bi

T6

-31

Bi

A5

-114

Bi

00

M
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the duplexed DNA results in a structure which is denoted as
overwound.
The model of the hexamer duplex is characterized by one
large twist angle of 75° at the G3«A8 to A4«A7 steps.

Both

the base pair below and above the cross strand stacking have
twist angles lower than that for B-DNA suggesting some local
unwinding most probably due to the adjustments made for the
large twist angle seen in the cross strand stack.

The

presence of the large twist angle resulted when the model
was restrained within the confines of the NMR data for the
hydrogen bonding schemes and base stacking.

The stress

generated by the helical twist is accommodated in the duplex
by a concomitant decrease in the helical rise per base-pair.
The rise is directly related to the amount of twist present
in the duplex, as one increases the other compensates by
decreasing.

Thus the backbone and base stacking are closely

related and combined give the duplex flexibility to
accommodate most perturbations.
The projections of the hexamer at the mismatch is shown
in Figure 3.7, which depicts the overlap stack of C2»C9 with
G3*A8 in panel a,

the two mismatched bases in b center,

G3»A8 with A4«A7 and the bottom c, is A4«A7 stacked with
A6*T5.

The large twist angle is evident in the transition

going from a to b.

The large twist angle appears much

larger than 75° which is reported and is due primarily to
the method for determining the twist angle.
calculation uses the Cl' to Cl' vectors.

The twist angle

In the unusual

A

B

C

A7

A8

A7
T6

A5

30

A4
63

A4

Figure 3.7. Base stacking projections for the central base
pair steps of the hexamer.
a) C2*G9
b) G3 •A8
c) A7*A4
G3 •A8
A7 •A4
T6»A5

oo
OJ
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base pairing scheme proposed for this mismatch base pairs
G» A

and A » A are displaced into the groove.

The twist angle

is a parameter which measures the helical twist only and
thus yields a lower twist value than what appears on the
projections.

Consequently, the twist .angle reported is the

backbone twisting and not the actual measure of the base
pair twist.

But the twist angle described in Table 1.1 does

provide information on the helical structure.

In each of

the overlap base steps the base pairs are well stacked and
overlapped comparably between all the steps shown.

Note

that from this view the helix diameter is almost the same,
even through the cross strand distances are shorter for both
the G»A and A«A mismatch.
Yanagi et al.

(1987) calculated that the backbone

length would average 5.6 A per nucleotide if the nucleotide
was completely extended.

These calculations were performed

with average values for bonds lenghts and diameters of the
helix crystals.

A summary of the real values from

crystallographic data indicated that the values were
typically closer to 5.0 A (Yanagi et al, 1987).

This

implies then that the DNA backbone is approximately 90%
extended in most crystal structures, while in Arnott (1972)
diffraction coordinates, idealized B-DNA is 77% extended.
Thus, the ability of the backbone to extend to various
degrees combined with electrostatic interactions could
account for the deviations seen in the B-DNA torsion angles.
Table 3.8 shows the Cl' to adjacent Cl'

(a measure of rise)

Table 3.8 Twist, rise, Cl* to Cl' along adjacent nucleotides and the percent
extension of the backbone per base pair step for the hexamer model used to study
the adjacent G»A and A»A mismatches.
Twist is in degrees, rise and Cl' to C l 1
distance are in A

Base pair
Step

Twist per
base step

Rise
Base-pair

Adjacent
C l '-Cl'
distance

Percent
Extension
Backbone

G1*C10

to

C2»G9

36

2.9

5.0

97

C2 »G9

to

G3 •A8

27

3.1

3.9

69

G3-A8

to

A4 *A7

76

2.9

6.3

112

A4 »A7

to

A5»T6

30

2.9

4.0

71

A5»T6

to

T6*A5

32

2.8

5.1

90

T6«A5

00

CJl

86
and the accompanying rise and twist values as well as the
calculated percent extensions.

The base pair step from

G3»A8 to A4®A7, in the hexamer model, is over the 100%
extension.

This is the same base pair step which has the

very high twist angle.

There is a decrease as would be

predicted from the twist angles on the adjacent angles.

The

overall rise per nucleotide does not increase over the
length of the duplex, yet the duplex returns to a 90%
extension by the ends of the molecule.

This could be due to

a delocalizing effect of the overwound regions which require
more accommodation than can be accounted for in the
relaxation of the adjacent base-pairs.

This indicates that

the perturbation due to the two mismatches are adjusted as
quickly as possible, thus diminishing the long range effects
of the mismatches.
In the hexamer duplex the base stacking is near 3 A for
all the distances between base pairs.

If the base pairs

come so close as to create clashing and van der Waals
violations, then the base pairs alter other interactions.
The accommodation of closer stacking is solved by rolling,
buckling and/or propeller twisting of the base pairs.

Roll

and tilt of the base pair are shown in Figure 1.9.
Propeller twisting (Figure 1.9c) and buckling (Figure 1.10
a-d) are alteration from planarity of the base pairs.
The effect of each of these parameters is shown in
Figure 3.7.

The figure indicates that a major change occurs

at the site of the two adjacent mismatches.

In the hexamer
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the base step from C2»G9 to G3»A8 has the buckle in a convex
orientation, and the G3»A8 to A4»A7 has a concave buckle.
At base pair G3»A8, the propeller twist is much more than
the other base pairs in the hexamer.

Therefore the two

parameters, buckle and propeller twist, indicate that the
other base pairs G1»C10, C2»G9, A4»A7, A5*T6 and T6«A5 are
close to planar.
As indicated in Table 3.4, there is much variation on
the backbone conformations.

The ot values are lower, the {3

values are higher and J is much higher than those noted in
B-DNA.

This has also been observed in another mismatch

duplex (dCGCGTG) using Raman spectroscopy (Benevides et al.,
1989).

They report as much as 40% of the phosphate backbone

have unusual torsion angles not associated with conventional
B-DNA.
By plotting the torsion angles against the sequence the
greatest deviations occur at the region of the G*A and A*A
mismatch (Figure 3.8).

The only exception to this trend is

at the P torsion angles for the end base-pairs.

The p

torsion angles are those which describe the 05'-C5' torsion
angle.

Because the bond is on the end of the nucleotide it

has many degrees of freedom as compared to the internal p
torsion angles.
The conformation of the phosphates is an important
element in the structure of the helix backbone.

The torsion

angles £ and C, are those surrounding the 3' phosphate thus
the £ - £ is used as a guide to the phosphate conformation
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Figure 3.8.
Base parameters of the hexamer model as a
function of sequence position.
Bold print is one
strand on the hexamer.
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(Bi and B n ) .

In B-DNA the phosphates are predominately in

Bi conformation (Figure 1.15).

The B n conformation which

implies that the phosphate is rotated inward under the sugar
forcing a C 2 'endo pucker (Figure 1.15 and 1.13b).

It has

been proposed that the B n conformation may in fact be a
result of crystal packing forces (Sklenar et al., 1987).
Recently a solution structure of the oligonucleotide
d (ATGAGCGAATA) 2 has been shown to have B n conformations on
the adenosine from the G»A mismatched base pair (Chou et
al., 1992).

There are two B n

nucleotides A 8 and A7.
the two mismatches.

(Table 3.4) in the hexamer,

These nucleotides are involved in

The nucleotides in the literature and

in the hexamer have the unique B n phosphates on the
mismatches, which is in the region of the large twist angles
and may be important in allowing the very large twist angles
(Table 3.3 and 3.4).
The duplex with a unique cross strand stacking produces
a rearrangement of purines resulting in an increased number
of purines in a stack (Figure 3.2c).

The purines are well

established as aromatic bases with a high propensity to
stack, while the pyrimidines are less inclined to stack
(Delcourt and Blake, 1991).

Stacking the bases maximizes

the van der Waals interactions and dipole-dipole induced
interactions between the bases.

Consequently, the total

energy of adjacent base pairs is reduced, maximizing the
stability of the duplex (Poltev and Shulyupina, 1986).
base overlap is shown in Figure 3.7 for the mismatched

The
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duplex.

This overlap of guanines and adenines has been

depicted in an energy study by Poltev and Shulupina (1985)
based on the coulombic interaction calculations of only the
base nitrogens.
Stacking of the purines may be a major contributor to
the stability of the duplex, but the hydrogen bonding also
acts to stabilize the duplex.

This stacking orientation of

the bases brings the hydrogen donors and acceptors in close
proximity to provide additional stability to the overall
structure.

The base pairing proposed by NMR data (Figure

3.2) as well as additional hydrogen bonds result from the
base stacking.

The G(N3) and the G(NH2) are involved in the

base-pairing hydrogen bonds to the A 8 (NH2) and A 8 (N7).

It

differs from what has been proposed for other G»A mismatches
that use the G(06) and the G3(N3).

This brings A4(NH2) to

A 7 (03') and A7(04') into proximity for hydrogen bonding (2.1
A, 2.2 A ) .

In addition there is a A4(NH2) to A 8 (03')

distance of 2.3 A.

All of these distances are reasonable

for hydrogen bonding interactions.

Similar hydrogen bonds

have also been proposed for another DNA duplex
d(ATGAGCGAATA )2 with adjacent GA mismatches (Li et al. 1991)
and in an RNA hairpin (GCGAGCU) with a G«A mismatch in the
stem of a hairpin loop (Heus and Pardi, 1991).
As discussed in the Introduction of this chapter, there
is a difference in the repair rate for mismatched bases,
which has been related to the differences in the
(Table 3.2).

A,

angles

For the hexamer model presented here, the G»A
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mismatched base pairs also have A,-differences comparable to
the literature for other G»A mismatches

Prive et al, 1991).
a A,-difference of

(Kennard, 1987;

The A*A mismatch on the other hand had

6 8 °,

suggesting that the base would be

rapidly repaired.

Conclusion

Using NMR constraints an oligonucleotide containing
adjacent G*A and A*A mismatches was generated.

The model

indicates that the GA and A»A mismatches are accommodated by
altering a large twist angle.

The helical parameters;

twist, rise, roll, buckle and cup (Figure 3.7) in addtion to
the nucleotide torsion angles OC, J3, J, 8, £, C, and £-^, all
deviate at the site of the mismatches.

There were two B n

phosphate conformations both on the adenosines, A7 and A 8 ,
of the G3«A8 and A4»A7 mismatches.

The base pairs are

planar except for the G3»A8.

The base pairing scheme and cross strand stacking were
genterated using constraints from NMR data.

If constraints

were not applied to this structure it would not have been
generated.

The force field used to minimize DNA are derived

from experimental data, largely from structural analysis of
crystal strucutres and it is designed therefore to generate
idealized B-DNA.

Crystal structure data provide a good

starting point for the calculations.

However the crystal

structures are subject to forces such as crystal packing
forces and thus may not be good representations of solution
structures.
The constraints which were derived from NMR data
represent the major conformation present in solution under
the conditions defined by experiment.

Therefore the model

represents a possible solution structure.

There were no

contraints applied to the backbone or to the sugars.

There

were no explicit water molecules added nor counter ions
added.

These factors could influence the final strucure.

The addition of counterions raise many

questions such as:

What counterions to use, how many and where should they be
placed?

All of these issues for nucleic acids are in much

debate. A distance dependent dielectric function, which
mimics the presence of water was used on the model.

This,

in effect, dampens the nonbonded interactions as a function
of the distance between them.

In theory, this is predicted

to be what occurs in the presence of water.

However, water

also adds hydrogen bonding and therefore is important in
stablizing conformations.

However, each additional atom or

set of atoms adds calculation time, and from the literature
it is not clear that the addition of these factors will
substantially alter the outcome of the structure.
During the construction of this model the furanose
rings were broken and later reconnected with a C 2 'endo
conformation imposed on all four rings.

There were no

backbone constraints applied to the structure.

Three of

four sugar puckers are in the

C 2 '

endo conformation and one

is in an 04'endo conformation which is defined as a high
energy transitional state.

The phosphate conformation that

resulted for two nucleotides was a Bn.

One of these two

nucleotides, A 8 , had the furanose ring broken and formed the
Bn.

Since the furanose ring was opened to increase the

flexibily it is feasible that the phosphates sampled this
structure.

Then the ring was closed and the phophate would

be locked into the B n conformation.

However, the other

nucleotide G9, did not have the furanose ring broken and it
formed the B n conformation as well.

This then suggest that

the phosphat conformation could be related to the unusual
mismatch.

Consequently the stucture as depicted is a good

approximation for the base pairing and stacking, but it is
difficult to accurately determine the structure of
nucleotide backbone.

CHAPTER 4
Molecular Modeling of a Series of Unpaired Bases in the
Center of an (oligo dA)• (oligo dT) Tract of
d (GCGAAAAGCG)•d (CGCTTTTCGC)
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Introduction

The occurrence of an unpaired base in an otherwise
complementary double helical DNA or RNA has potential
biological implications.

The presence of an unpaired base

can be generated by the addition or deletion of a nucleotide
on one of the strands during the replication process in the
coding region of the DNA.

An addition occurs by insertion

of a base onto the template strand, and thus the descendants
of this parent strand would have an addition.

A deletion in

the offspring results from the deletion of an unpaired base
from the newly formed daughter strand.

An unpaired base

thus created could result in a frameshift mutation
(Streisinger et a l ., 1966).

Frameshift mutations occur more

frequently in regions where there are runs or high repeat of
the same base.

Frameshift mutations do occur, therefore

this implies that for a given span of time an unpaired base
must exist on the strand of DNA.

The method of

accommodation for such a base is of much interest in
understanding the mechanism of genetic mutations, but also
could provide information on the basic characteristics of
DNA structure.
Unpaired bases are frequently observed on RNA as a
structural component necessary for recognition and
interaction of RNA with protein (Michel et a l ., 1989;
Milligan and Uhlenbeck, 1989).

In contrast little is known

about the structural impact of a bulge on DNA.

An
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additional base in duplexed DNA has the potential to exist
in a variety of conformational states.

A priori, there are

two extreme conformations, which could be envisioned.

The

unpaired base could be stacked into the helix with or
without hydrogen bonding.

This would necessitate distortion

of the duplex in the region of the unpaired base and
possible long range distortion.

Of course, the opposite

structure is also possible where the unpaired base is
excluded from the duplex.

This would not imply a distortion

of the helical structure, but rather the nucleotide and
backbone at the site of the nucleotide.

This distortion

would then allow the remainder of the bases to be stacked
and retain complementarity along the strand.

Alternatively

the base could cause a misalignment of the base-pairs,
resulting in a dangling base rather than an internal
unpaired base.

This would imply that the helix would be

duplexed, but with a potentially large number of mispaired
bases.

Experimentally,

the evidence suggests that the

unpaired base is in one of the two extreme structural
motifs,

intrahelical or extrahelical.

These conformations

have been determined by NMR and crystallography for numerous
duplexes

(Table 4.1).

In summary, unpaired purines

preferentially stack into the duplex, while unpaired
pyrimidines adopt both conformations.
Bulged DNA has been studied by UV absorption and
calorimetry to determine thermodynamic parameters of the
unpaired base in solution.

Evidence from these studies

Table 4.1 Sequence and conformations of unpaired bases which have been studied
The unoaired base in each sequence is bold
Sequence

Method

Conformation

Reference

1

dCTACCGCGTC
GATGG-GCAGd

NMR

intrahelical

(Woodson

and

Crothers,

198 8 b )

2

dGATGG-CAG
CTACCAGTCd

NMR

intrahelical

(Woodson

and

Crothers,

1989)

3

dCTGACCCATC
GAC-GGGTAGd

NMR

intrahelical

(Woodson

and

Crothers,

1988b)

4

dGATGG-GCAG
CTACCCCGTCd

NMR

intrahelical

(Woodson

and

Crothers,

1987)

5

dGATGGGGCAG
CTAC-CCGTCd

NMR

intrahelicala

(Woodson

and

Crothers,

1988a)

6

dCGCAGAGCTC-GCG
G C G -C T C G A G A C G C d

NMR

intrahelical

(Hare et

a l .,

7

dCGCGAAATTTACCGG
G G C C T T T A A A -G G C C d

NMR
X-ray

intrahelical
intrahelical

(Roy e t a l. , 19 87a )
( M i l l e r e t a l ., 1987)

8

dCCG-GAATTCACGG
GGCACTTAAG-GCCd

NMR

intrahelical

(Kalnik

et

al. ,

1989a)

9

dCCGAGAATTC-CGG
GGC-CTTAAGAGCCd

NMR

intrahelical

(Kalnik

et

al . ,

1989a)

dCGCAGAAATTTC-GCG
CGC-GAAATTTCAGCGd

NMR

intrahelical

(Gorenstein
(Nikonowicz

e t al., 1988)
and Gorenstein,

dCGCAGAAATTTC-GCG
CGC-GAAATTTCAGCGd

X-ray

intrahelical
/extrahelicalb

(Joshua-Tor

et

NMR

e x t r a - l o w temp
/ in t r a - h i g h temp

(Kalnik

10

11

12

d C C G C G A A T T C -C G G
GGC-CTTAAGCGCCd

et

1986)

al . ,

al.,

19 9 2 ;

1990;

1990)

1988)

198 9 b )

vo
-q

Table 4.1
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Continued

Sequence

Method

Conformation

dCCGTGAATTC-CGG

NMR

extra-low

GGC-CTTAAGCGCCd

Reference

temp

/intra-high

(K a l n i k

et

a l .,

1990)

et

a l .,

1990)

temp

14

dCCG-GAATTCTCGG
GGCTCTTAAG-GCCd

NMR

e x t r a - l o w temp
/intra-high temp

(Kalnik

15

dCTGGTGCGG
GACC-CGCCd

NMR

intrahelical

(van d e n

16

dCAAACAAAG
GTTT-TTTCd

NMR

extrahelical

(Morden

17

dCGGBGGC
GCC-CCGd

NMR

extrahelical

(van d e n

Hoogen

et

a l .,

19 88 a )

18

rCUGGUGCGG
GACC-CGCCr

NMR

extrahelical

(van d e n

Hoogen

et

a l .,

1 98 8 a )

19

dGCGAATAAGCG
CGCTT-TTCGCd

NMR

extrahelical

(Morden

et

20

dGCGAACAAGCG
CGCTT-TTCGCd

NMR

extrahelical

(Maskos

and

21

dGCGAAGAAGCG
CGCTT-TTCGCd

NMR

intrahelical

Unpublished

22

dGCGAA-AAGCG
CGCTTCTTCGCd

NMR

extrahelical

Unpublished

23

dGCGAA-AAGCG
CGCTTATTCGCd

NMR

extrahelical

Unpublished

24

dGCGAA-AAGCG
CGCTTGTTCGCd

NMR

extrahelical

Unpublished

a This

G bulge was

b O n e of

the A

is

studied

using

extrahelical

3,

and

4 and
one

is

5 runs

of

guanines

intrahelical

Hoogen

et

al..

a l .,

et

a l . , 1 988 b )

1983)

1990)

Morden,

1992)
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indicates that the presence of the unpaired base
destabilizes the duplex (Bell et al., 1981; Benight et a l .,
1988; Breslauer et a l ., 1986; Breslauer et a l ., 1987;
Everett et a l ., 1980; Fink and Krakauer,

1975; Freier et

a l ., 1985; LeBlanc and Morden, 1991; Morden et a l ., 1983;
Stulz and Ackermann,

1983; Xodo et a l ., 1986).

The specific

effects of an intrahelical versus an extrahelical unpaired
base were then examined using ultraviolet absorption
techniques to obtain thermodynamic studies of a series of
bulges in an A-tract.

The evidence indicates that the

location of the unpaired base affects the stability more
than does the specific base, and that the conformation of
the unpaired base did not appear to be significant
and Morden,

(LeBlanc

1991).

Thus, the question remains what factors influence the
formation of an extrahelical versus an intrahelical unpaired
base?

As does the question, how much is the structure of

the duplex altered as a result of the introduction of an
unpaired base into the duplex?

All the studies previously

described and in Table 4.1 have been unable to provide the
answers.

Experimentally, both are important questions and

need to be answered, if we are understand the impact on
frameshift mutations.

However, for this discussion,

the

first question will be put aside and the second addressed.
Theoretical studies were first used to model unpaired
bases by Fresco and Alberts

(1960).

They proposed the

existence of an unpaired base in an otherwise Watson-Crick
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base-paired DNA helix.

Experimentally, they determined that

an unpaired U in a strand of polyA»polyU was excluded from
the helix.

A model of an unpaired uridine in an

extrahelical conformation was constructed using CoreyPauling-Kolton (CPK) models, with the intent of determining
how an unpaired base could be accommodated.

Fresco and

Alberts (1960) found that an extrahelical unpaired base did
not alter the helix conformation.

Their model had the

phosphate bond looped out and the base rotated out away from
the helix.
Since these first model studies, several more
theoretical studies have been undertaken on bulged DNA
molecules

(Table 4.2).

Of the models which have been

constructed, many are intrahelical

(Hirshberg et a l ., 1988;

Keepers et al., 1984; Rosen et a l ., 1992; Roy et a l ., 1987;
van den Hoogen et a l ., 1988d; Woodson and Crothers,
Woodson and Crothers,

1988c; Woodson and Crothers,

Woodson and Crothers, 1988a).

All the nucleotides

1987;
1989;
(A, G, C

and T) have been constructed in an intrahelical conformation
in various oligonucleotides.

The extrahelical conformation

has been limited to three studies (Nikonowicz et a l ., 1989;
Olson et a l ., 1985; Pieters et a l ., 1990).

The extrahelical

structures have been limited to adenine and guanine.

The

exception, was a study of an extrahelical thymine present in
a hairpin (Pieters et a l ., 1990).

In comparing Table 4.1

with Table 4.2, it is clear a void exists for the
extrahelical conformations.

Table 4.2 Sequence and conformations of unpaired bases which have been studied using
molecular modeling.
The unpaired base in each sequence is bold
Sequence

Method*

Conformation

Reference

1

dAAAUAAUAA
UUU-UU-UUd

CPK

extrahelical

U

(Fresco a n d Alberts,

2

dCGCAGAATTCGCG
G C G -C T T A A G C G C d

AMBER

intrahelical

A

(Keepers

et

3

dCGCAGAGCTC-GCG
G C G -C T C G A G A C G C d

DGEOM

intrahelical

A

(Hare

a l .,

4

dCGCAGAATTC-GCG
GCG-CTTAAGACGCd

ENCAD

intrahelical

A

(Hirshberg

5

rCUGGUGCGG
GACC-CGCCr

AMBER

extrahelical

U

(van d e n

Hoogen

et

al.,

198 8a)

6

dCTGGTGCGG
GACC-CGCCd

AMBER

intrahelical

T

(van d e n

Hoogen

et

al . ,

1988 b)

7

dCTACCGCGTC
GATGG-GCAGd

AMBER

intrahelical

A

(Woodson

and Crothers,

8

d C G C A G A A T T T C -G C G
CGC-GAAATTCAGCGd

DGEOM

extrahelical

A

(Nikonowicz

9

dGATGG-CAG
CTACCAGTCd

AMBER

intrahelical

A

(Woodson

10

d C G C A G A A A T T T C -G C G
CGC-GAAATTTCAGCGd

DGEOM

intrahelical

A

(Nikonowicz

and Gorenstein,

11

dCGCTATGCG
dGCG-TACGCd

DGEOM

Hairpin
extrahelical

T

(Pieters

al.,

et

* CPK Corey-Pauling-Kolton hand held models; DGEOM-Distance Geometry
Modeling Building Energy Refinment Calculations; ENCAD

al.,

1984)

1986)

et a l. ,

et

1960)

al. ,

1988)

19 89)

and Crothers,

et

using

1988 b)

1989)

1990)

1990)

N M R data;

AMBER-*

Assisted
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More recently a crystal structure was determined for an
oligonucleotide sequence 11 in Table 4.1 (Joshua-Tor et al.,
1992) with two unpaired adenosines, one extrahelical and the
other intrahelical.

The extrahelical conformation was shown

to be similar to the structure first, proposed by Fresco and
Alberts

(Fresco and Alberts,

1960), with the phosphates

looping over each other as the nucleotide was inverted.
This unpaired base, which stuck out away from the duplex was
also shown to interact with the adjacent duplex in the
crystal.

The major accommodation for the extrahelical

unpaired base occurs in the backbone and phosphate
conformation.

The crystal structure has the phosphate from

the unpaired base in the B jj conformation, thus allowing
maximum extension of the backbone (Figure 3.7).

This

structure also indicates a decrease in the rise and an
increase in the twist angle.

These two parameters are part

of the four inter-related base pair compensation processes
which were summarized by Yanagi et a l . (1991) from crystal
structures.

Twisting is a mechanism which brings the base

pairs closer together and maximizes stacking interactions.
This twisting brings the phosphates closer and thus will be
limited by the repulsion of the charged phosphates in the
backbone.

The distance between two base pairs is the rise,

which is separated from the adjacent base pair by 3.34 A,
due to Van der Waals interactions.

A decrease in the

distance between the base pairs, if the bases remain planar,
would imply a violation of the Van der Waals interactions.
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However,

the base pairs have a compensation process to

effectively alter the distance between the base pairs and
prevent clashing of Van der Waals interactions.

One process

which would remove the planarity of the base pairs and
effectively increase the distance between the base pairs is
buckling,

forming a concave or convex appearance.

The bases

can also roll along the long axis of the base pair and
effectively decrease the clash.

These two compensation

processes effectively reduce the distance between the base
pairs, without changing the location of the backbone.
The connection between propeller twisting and the
formation of bifurcated hydrogen bonds was proposed by
Nelson et a l . (1987) and Coll et al (1987) to be present in
tracts of oligoA®oligoT of four or more.
and Heinemann and Alings

Yoon et a l . (1988)

(1989) further suggested,

the

presence of bifurcated hydrogen bonds in additional crystal
structures

(Heinemann and Alings, 1989) .

Thus the propeller

twist is associated with the formation of three centered
hydrogen bonds.

High propeller twisting is usually

restricted to A»T base pairs.

It has been proposed that

because of the presence of two hydrogen bonds in the A»T
base pair versus three in the G«C base pair, the A®T base
pair could more easily propeller twist.

The guanine

propeller twist would also result in clashing of the amino
group with bases above or below.

The crystal structures

summarized in Yanagi et a l . (1991) indicate that A-C and A-A
steps are capable of forming high propeller twisting, and
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that the T-A and A-T steps are not

(Yanagi et a l ., 1991).

These results suggest that clashing with other base pairs is
a factor in determining the extent to a base pair propeller
twists.
Structure models for intrahelical bulges indicate that
there is high propeller twisting in the region of the
unpaired base.

The models presented of A, C and G bulges by

Woodson and Crothers

(1987, 1988a) indicated an increase in

the propeller twisting and the roll of the base-pairs
surrounding the unpaired base.

All the intrahelical models

listed in Table 4.2 have a wedge formation at the site of
the unpaired base.
unpaired base.

This results in a "hole" opposite the

The increased propeller twisting is also

associated with an increased rise and decreased twist on the
strand with the unpaired base.
Characterization of each of these oligonucleotides has
indicated that a small deviation in structure occurs for
each of the conformations.

This deviation occurs at the

site of the unpaired base regardless of the specific
conformation which has been forced upon the base.

Questions

then arise: what are the differences between accommodation
of an intrahelical base versus an extrahelical base?

Are

there sufficient differences in these structures and can
this be translated into experimental evidence for
confirmation of the structure?
Both of these questions could be addressed by studying
both intrahelical and extrahelical conformations.

Therefore, the objective of this study is to generate models
for a series of oligonucleotides containing an unpaired base
in the center of four A«T base pairs,
or A-tract.

(oligo dA)®(oligo dT)

Thus, there is the A-strand and the T-strand in

which to locate an unpaired base.

The study will include:

an unpaired base in both the extrahelical and intrahelical
conformations, each of the conformations on opposite strands
of the duplex and each of the bases.

The base which would

act as a complement to the opposite strand will not be
studied, an A will not be placed opposite the T-strand, nor
a T placed opposite an A-strand.

Thus three different

unpaired bases will be generated in two different strand
locations and two conformations (Figure 1.7).
the generation of
the decamer.
analyzed.

12

This requires

duplexes, plus one unperturbed duplex,

The effects on the helical structures will be

The data will be discussed relative to

conformation, strand location and base class (purine versus
pyrimidine).

Method

Molecular mechanics calculations were carried out on a
Micro VAX III using AMBER 3.0 (Weiner et a l ., 1986) .

The

structures were displayed on an Evans and Sutherland Picture
System'390 using SYBYL.
diagram of the procedure.

Figure 4.1 illustrates a flow
The duplexes were built in SYBYL

using the BIOPOLYMER menus and the build DNA routine.
conformation was set as B-DNA.

The

These initial coordinates

were obtained from the Arnott fiber diffraction coordinates
(Arnott and Hukins,

1972) .

A decamer was used as the

starting structure for the insertion of all the unpaired
bases to construct the appropriate duplexes.

This decamer

was subsequently divided into three components consisting of
a core and two ends

(Figure 4.1).

Due to the symmetry of the

ends, only one was minimized and duplicated as needed.

An

unpaired base was added to the center of the A-strand
(between A5 and A 6 ) or the T-strand (between T15 and T16) of
the duplexed core (Figure 4.1) .

In the program which

generates DNA, the insertion or deletion of a base results in
a dangling base because the bases are shifted to base pair
with the inserted base.

Thus in order to prevent this the

base pairs which are adjacent to the insertion or deletion
site are forced to base pair by constraining the hydrogen
bonding.

In SYBYL there is a subroutine within the TAILOR

option which accomplishes this in a- more indirect method.

By

setting the BIOPOLYMER GEOMETRY option in talior set to
"ALLOW_BAD_GEOMETRY", the base pair coordinates which were
initially generated are maintained and the inserted or
deleted base does not misalign.

The core for each unpaired

base configuration, extrahelical, intrahelical and
unperturbed was minimized individually.
The intrahelical bulge duplexes were generated by first
generating a duplex with the desired sequence plus an extra
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Starting Oligonucleotides
dG-C-G-A-A-W-A-A-G-C-G
C-G-C-T-T-R-T-T-C-G-Cd

dG-C-G-A-A-A-A-G-C-G
C-G-C-T-T-T-T-C-G-Cd

Divide the Molecule into Three components
G-C-G A-A-W-A-A G-C-G
G-C-G A-A-A-A G-C-G
C-G-C T-T-R-T-T C-G-C
C-G-C T-T-T-T C-G-C
END
END
CORE
END
END
CORE

▼

Excise Base Opposite
the Unpaired Base
Intrahelical
-A-A-X-A-A-A-A
A-A_T-t
T-T-T-T-Y-T-T-

Insert Unpaired Base
Extrahelical
-A-A-X-A-A-A-A
A-A-T-T
T-T-T-T-Y-T-T-

\

SYBYL Minimization Using United Atom

AMBER 3.0 (United Atom)

Attach the Ends to the Cores inside SYBYL

Energy Minimize Intact Structure with
AMBER 3.0 (United Atom)

dG-C-G-A-A-X-A-A-G-C-G
C-G-C-T-T
T-T-C-G-Cd

or

dG-C-G-A-A
A-A-G-C-G
C-G-C-T-T-Y-T-T-C-G-Cd

Figure 4.1. Flow chart for the method used to generate the
duplexes containing an unpaired base in either an
intrahelical or extrahelical conformation. X=C, T or G and
Y=C, A or G. W»R is the Watson-Crick base pair needed to
obtain the appropriate unpaired base in the desired position.
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base pair in the location of the unpaired base
4.1 for overview).

(see Figure

Thus the starting structure for the

intrahelical bulge duplex is an 11 base paired B-DNA duplex
(11-mer).

The duplex was generated within SYBYL using the

Arnott fiber diffraction coordinates for B-DNA as above.
The base pair which will form the unpaired base in the
1 1 -mer

is chosen to represent the desired unpaired base

placed between A5«T16 and A6-T15

(Figure 4.2).

The

nucleotide opposite the desired unpaired base is excised and
the nucleotides were rejoined to create the intact strand.
This process results in a stretched backbone and a "hole"
opposite the intrahelical base.

The conformers had severe

structural defects in the duplex located where the base
opposite the unpaired base was excised.

There were no bonds

broken in these structures during minimization.

Distance

constraints were applied to A5»T16 and A6*T15 surrounding
the unpaired base (Figure 4.2).

These constraints define

the hydrogen bonding of the Watson-Crick base pair.

This

calculation was carried out inside SYBYL and allowed to
proceed for 1 0 0 iterations, using a dielectric constant of
78.5 Debye.

The united atom Kollman force field was used

combined with a scaled Van der Waals radii of 0.5 A and a
nonbonded cutoff of 10 A.

These parameters were analogous

to those used in calculations from AMBER 3.0 and are used in
all subsequent calculations unless otherwise stated
et a l ., 1986).

(Weiner

On completion, the substructures were

exported from SYBYL and the files converted to be compatible
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Adenine

Thymine
H

2 . 1A
u
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N deoxyribose

deoxyribose

Adenosine

Unpaired Base

Adenosine

Figure 4.2 The constraints which were applied in the
minimization of the intrahelical and extrahelical bulge
duplexes,
a) base pairing contraints,
b) base pairs which
were constrained adjacent to the unpaired base.
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with the AMBER format.

All subsequent minimizations of the

substructures were independently performed using AMBER 3.0.
For the AMBER calculations, the distance constraints were
maintained on base pairs A5°T16 and A6®T15

(Figure 4.2).

All AMBER calculations were carried out using a dielectric
constant of 78.5 Debye, the united atom force field and a
nonbonded cutoff of 10 A.

This minimization was continued

until the RMS energy function was 0.05 kcal/mol A.
Extrahelical bulge duplexed cores were generated by
inserting the base in the desired location using an
insertion routine within the SYBYL command file.

There was

no conformation set for the unpaired base upon insertion
into the duplex.

The C 3 1-C4 1 bond of the deoxyribose on the

extrahelical nucleotide was cleaved, this allows for maximum
flexibility of the nucleotide during the calculations.

The

cleavage of the sugar bond was found to be necessary because
the structures do not change over a thousand energy
minimization iterations if the sugar bond is left intact.
These extrahelical conformers had se-vere structural defects
and overlapping Van der Waals radii.

Therefore these

initial structures were minimized inside SYBYL using Kollman
united atom force field.

The parameters were those

described above to mimic the conditions of AMBER 3.0.
Additionally, distance constraints were applied to the base
pairs adjacent to the unpaired base A5«T16 and A6«T15
(Figure 4.2).

These constraints are those which define the

Watson-Crick base-pairing hydrogen bonds.

The SYBYL

Ill
calculations were carried out and then these structure were
imported into AMBER as above.
AMBER calculations were as described above and were
continued until the RMS energy function was 0.05 kcal/mol A.
The minimized structure was imported back into SYBYL and the
C 3 '- C 4 1 bond of the extrahelical nucleotide was reformed and
a C 2 'endo geometry was imposed for the deoxyribose inside
SYBYL.

These extrahelical cores were again submitted to

AMBER and minimized to an RMS of the energy function of 0.05
kcal/mol A as before.

The base pairing distance constraints

were maintained throughout the calculations.
Each of the cores and an end was subjected to the same
minimization cycles and procedures.

An additional core was

minimized which had no unpaired base, this would later
become the decamer.

There were no base pairing constraints

added nor bonds broken on the unperturbed core.

To ensure

the same treatment, the unperturbed core and the end were
also submitted to SYBYL
3.0 as the other cores.

calculations, and then to the AMBER
The calculations were terminated as

described for the other molecules.
Upon terminating the AMBER calculations of the cores
the molecules were imported into SYBYL (Figure 4.1).
was imported into SYBYL
to complete the molecule.

An end

and duplicated to dock to the core,
This entire structure was

resubmitted to AMBER 3.0 with the standard conditions.

Any

base pairing distance constraints which had been applied
were maintained during this round of calculation.

The final
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molecule was resubmitted to AMBER under the same conditions
as before except that the molecule had no constraints to
allow the molecule to relax.

This final calculation was

carried out for 100 iterations.
Newhel92 is a program which structurally parameterizes
DNA duplexes.

Newhel92 analysis was performed on the

extrahelical bulge, intrahelical bulge and decamer duplexes
(Fratini et a l ., 1982; Prive et a l ., 1991; Yanagi et al.,
1991) .

Newhel92 analysis uses the Brookhaven databank

coordinate file format as the input, and requires that each
strand of the duplex be the same number of bases.

Therefore

to subject the bulge duplexes to the analysis the atoms for
the unpaired base were commented out of the coordinate file,
thus each base was base paired and there were no unpaired
bases in the file.

To ensure that the format for the

analysis was the same for the unpaired base, a structural
analysis was computed by Newhel92.

This was accomplished by

allowing the unpaired base to be considered base paired by
removing one of the end base pairs.

The resulting

coordinate file had numerous mismatched bases, but the
information for the unpaired nucleotide was generated.
Consequently, the parameters that were used in the data
analysis were those parameters describing the unpaired base
only, and none of those describing the base pairs were used,
nor any parameters for the region between base p a i r s .
To calculate the amount of curvature that is present
per duplex, a procedure described by Dickerson et a l . (1983)
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was used.

Briefly, the cosines of angle formed between the

base pair plane and the helix axis is generated for each
base pair from Newhel92.

The arc sine of the distance

between the two most extreme values for the cosine of the
angles yields the overall curvature..

Results

Each of the duplexes generated by minimizations is in
the B-DNA family.

There is a total of six duplexes with

intrahelical unpaired bases.

The nomenclature used for each

of the duplexes is as described below and shown in Figure
4.3.

The strand on which the unpaired base is located will

be the name of the duplex, A-strand or T-strand.
duplexes,

All

except the decamer, contain an unpaired base.

the T-strand there are A, G and C unpaired b a s e s .
A-strand has C, T and G unpaired bases.

On

The

Each specific base

will be denoted by the single letter and a subscript for the
orientation: an E for qxtrahelical and I for the
intrahelical.

There are additional duplexes generated for

extrahelical conformations as a result of the purine bases
having two possible orientations, placing the unpaired
purine in the major or minor groove.

For clarity an

additional subscript will be added to the extrahelical
conformers to designate the major groove, J, or for the
minor groove, N.

Consequently there are a total of 15 bulge

duplexes and the decamer.
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DECAMER
dG- :-G-A-A-A-A-G-C-G
C- 3-C-T-T-T-T-C-G-Cd

A-strand
T-strand

INTRAHELICAL BULGES
dG-C G-A-A-C-A-A-G-C-G
T-T-C-G-Cd
C-G C-T-T
A-strand Ci

dG-C-G-A-A
A-A-G-C -G
C-G-C-T-T-C-T-T-C-G - C d
T-strand Ci

dG-C G-A-A-G-A-A-G-C-G
T-T-C-G-Cd
C-G C-T-T
A-strand Gi

dG-C-G-A-A
A-A-G-C -G
C-G-C-T-T-G-T-T-C-G - C d
T-strand Gi

dG-C G-A-A-T-A-A-G-C-G
T-T-C-G-Cd
C-G C-T-T
A-strand Ti

dG-C-G-A-A
A-A-G-C -G
C-G-C-T-T-A-T-T-C-G -Cd
T-strand Ai

EXTRAHELICAL BULGES
dG-C g -a -a /c \a -a -g -c -g
T-T-C-G-Cd
C-G C-T-T
A-strand C e
dG-C g -a -a /g \a -a -g -c -g
T-T-C-G-Cd
C-G C-T-T
A-strand Ge
major groove Gej
minor groove Gen
dG-C g -a -a /t \a -a -g -c -g
T-T-C-G-Cd
C-G C-T-T

dG-C-G-A-A
A-A-G-C -G
C-G-C-T-T\c /T-T-C-G -Cd
T-strand C e
dG-C-G-A-A
A-A-G-C -G
c -g -c - t -t \g /t - t - c -g -Cd
T-strand Ge
major groove Gej
minor groove Gen
A-A-G-C -G
/T-T-C-G -Cd

dG-C-G-A-A
C-G-C-T-T\
A

A-strand T e

T-strand A e
major groove A ej
minor groove A en

.Figure 4.3. Nomenclature used in the text to designated
the duplexes generated by AMBER 3.0 calulations.
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The parameters used below to describe nucleic acids are
defined jointly by the International Union of Pure and
Applied Chemistry and the International Union of
Biochemistry (IUPAC-IUB).

Each parameter discussed in

Chapter 1 and can be found in the glossary Tables 1.1 and
1.2, page 38 and 39, respectively.

However,

for an in-depth

description of the parameters there are numerous references
available

(Altona and Sundarallingam,

1973; Dickerson et

a l ., 1982; Fratini et a l ., 1982; Kennard and Hunter, 1990;
Yanagi et a l ., 1991).

The Decamer Model
The decamer contains an A-tract of four A»T base pairs
flanked on both sides by three G»C base pairs (Figure 4.3).
Table 4.3 contains the helical twist angle per base step and
the rise between base pairs.

For idealized B-DNA the twist

angle is 36°, with 10 residues for a complete turn of the
helix.

The rise is the distance that two bases can approach

without overlapping the Van der Waals radii, 3.34 A.

Rise

and twist are interrelated; a low twist value is associated
with a greater separation of the base pairs

(rise) and a

high twist is associated with a decreased rise.

The decamer

has twist angles in the range of 36°, which is similar to
idealized DNA.

The two penultimate base pairs have lower

twist angles, as does the center A-A step.

The terminal

base step, C9-G10, and the A7-G8 base step both have higher
twist angles, near 40°.

The decamer also has 10.3 residues
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Table 4.3 Base pair parameters, rise (A) and twist
the Decamer.
Adjacent
Base-pair
G1*20C

(°) for

Twist
(°)

Rise
A

2.8

37.0

4.3

29.0

3.1

36.3

3.1

31.7

3.1

36.8

3.2

36.0

3

40.0

4.3

30.2

2.8

40.7

C 2 •19G
G 3 •18C
A 4 •17 T
A5 •16T
A6 •15T
A7 •14T
G8«13C
C 9 •12G
G10•11C

Table 4.4 Base-pair parameters, buckle, roll and tilt in
degrees (°) determined for the Decamer.
Base
GI»20C
C2 •19G
G3«18C
A4 •17T
A5 •16T
A6 •15T
A 7 •14T
G 8 •13C
C9-12G
G 1 0 •11C

Buckle
6.4
8.4
-7.4
-9.5
-5.4
-1.7
1.6
18.2
1.7
0.7

Roll
-11.2
2.5
1.7
-0.3
-4.3
1.2
4.5
7.0
-3.0
0.3

Tilt
-2.6
-1.7
-3.7
-1.8
0.7
-1.1
-5.6
-0.6
0.1
0.2
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per turn.

This is only slightly higher than the value for

idealized B-DNA and indicates a degree of overwinding of the
helix, which can be attributed to the two base steps with
the higher twist angles.

There is a lower twist angle on

the penultimate G-C base steps with a corresponding increase
in the rise.

The remainder of the molecule demonstrates

only small variations in rise from idealized B-DNA.
Curvature in DNA has been proposed to exist in the
presence of A-tracts containing four or more adenines.
decamer has some bending (Figure 4.4).

The

The overall

curvature is determined as described in the method section
above.
17°.

Using this method, the curvature for the decamer is
This value is identical to that noted by Dickerson et

a l . (1983) for the x-ray crystal structure of the dodecamer
d(GCGCAATTGCGC )2

(Dickerson et a l ., 1983).

The values for buckle in the decamer are given in Table
4.4.

In idealized B-DNA the bases are planar with buckle,

roll, tilt and propeller twist equal to or near zero.

When

the buckle value is positive the base pairs are convex,
while a negative value is a concave base pair.

Base pairs

which are of the same sign are nested and those of opposite
signs are in opposition to each other.

The buckle per base

pair step for the decamer has 2 positive values followed by
four negative values at G3®C18, suggesting the base pairs
are nested until A7«T14, where it again becomes positive.
Base pair G8®C13

has a large positive buckle value

indicating a large opposition of the base pairs at this

4 4

stereoview of the structural model of the

K r V l o n f t h e

helix axrs.
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junction between the A-tract and the terminal G»C base
pairs.
Roll angles define the angle that a base pair opens up
to the minor or major groove and can be used to define the
effects seen in the widths of the grooves.

A positive value

indicates opening towards the major groove and a negative
value indicates that the bases open up toward the minor
groove.

Several of the largest roll values for the decamer

(Table 4.4) are positive values at A7»T14 and G8«C13,
junction of the A-tract with the G»C base pairs.

the

At the

other junction there are two negative values with the first
being near zero, A4*T17 and the second -4.3°, A5*T16.
However there are no significant values at this junction.
There are two other negative values at G1«*C2 0 base pair and
the penultimate base pair C9®G12, with the largest at
G1®C20.

Tilt values for the decamer are also in Table 4.4.

The largest tilt values are at the two junctions of the
A-tracts,

-3.7° for G3®C18 and -5.6° for A7®T14.

Koo et a l .

(1986), has proposed that A-tracts preferentially bend at
the 3' end of the adenines

(Koo et a l ., 1986) .

Roll and

tilt are indications of the bending process for the base
pairs.

The values presented in Table 4.4 indicate that

there are structural changes at the junctions, with the
largest values occurring at the 3' end of the adenines.
The presence of the A-tract results in the formation of
A®T base-pairs which have high propeller twists

(Coll et

a l ., 1987; Nelson et al., 1981; Yoon et a l ., 1988).

The
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propeller twist for each of the A«T base pairs is in the
range of 17° to 25° with the adjacent G*C base pairs also
demonstrating 14° and 18° propeller twists

(Table 4.4).

These propeller twist angles agree with those seen in (oligo
d A ) • (oligo dT) tracts for other crystal structures

(Coll et

a l ., 1987; DiGabriele et a l ., 1989; Nelson et a l .; 1981;
Yanagi et a l ., 1991).

Propeller twisting in the decamer

(Table 4.5) results in an increased width of the major
groove with an average value of 12.3 A within the A-tract as
compared to 11.7 A in B-DNA.

The minor groove shows a

concomitant decrease in the width to an average value of 4.0
A as compared to 5.7 A for B-DNA.

The ends of the decamer

have values very similar to the B-DNA values.
The orientation of the base to the backbone is given by
the angle,

X

(Table 4.6, inset).

The

X

angles were

discussed in Chapter 1 and 3 and Watson-Crick base pairs are
symmetrical

(Table 3.2).

Through out the analysis the

X

angles are considered asymmetrical if the X-difference angle
is 10 or greater.

The

X

angles for most of the base pairs

in the decamer are higher than expected for Watson-Crick A«*T
and G»C base pairs in a random sequence, yet all the base
pairs are symmetrical (Table 4.6).

This is expected since

all the bases are Watson-Crick base pairs.
All of the torsion angles in the range for B-DNA with
small variations in the values (Figure 4.5).

The torsion

angles for the nucleotide backbone are (X, |3, y, 5 ,
%.

e,

There is a large range of values for each of these

£ and
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Table 4.5 The distance across the helix for the major and
minor grooves width measured between phosphates

Measured between
Groove width (A)
Nucleotides______________ Minor__________ Major
C2-T16

5.7

11.8

G3-T15

5.1

11.8

A4-T14

4.2

13 .1

A5-C13

4.0

12 .1

A6-G12

3.0

12 .9

A7-C11

5.4

12 .0

Table 4.6 The lambda angles of the Decamer
duplex.
The lambda difference is listed as

Al___________
51.3
56.9
52 .1
56.0
56.1
64.8
59.5
59.3
59.3
56.2

G1*C20
C2-G19
G3 «C18
A4«T17
A 5 •Tl 6
A6-T15
A7 »T14
G8»C13
C9 »G12
G10-C11

12_
52 .3
56.2
59.0
56.4
58.4
57 .1
53.4
52.1
60.2
47.2

IA<1—A.2 I

\Xi-%2
1.1

0.7
6.9
0.4
2.3
7.8
6.1

7.2
1.0

9.1

1

Figure 4.5

The backbone torsion angles for the decamer
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angles as determined by x-ray crystal structures.

This

indicates flexibility in the backbone of the DNA (Dickerson,
1983; Joshua-Tor et a l ., 1992; Prive et a l ., 1991; Yanagi et
a l . , 1991) .

The torsion angles, 8 and % have values which

have been assigned to specific characteristics of DNA.

A

third value which is derived from the difference of the £
and C, has been associated with the conformation of the
phosphate backbone.
The orientation of the base to the sugar is defined by
the glycosidic bond torsion angle, %.
are syn and anti.

The two conformations

In idealized B-DNA the % range is 240° to

250°, which is indicative of the anti conformation.

Most of

the conformations cluster around 240° for the decamer.
Thus, the conformations are anti for all nucleotides.
The 8 angles in combination with the pseudorotation
values are used to determine the sugar ring conformation.
The pseudorotation value (P angle) was described previously
in Chapter 1.

The pseudorotation value is determined by the

Newhel92 program (see Methods above).

As shown in Table 4.7

the sugar conformations vary along the strands,

12

are

clearly in the C 2 'endo, with an additional 5 in the C 2 'endo
family (Table 4.7).
sugars,

Of the remaining three nucleotide

two are in transitional states and one is in the

C 3 'endo conformation.

The value of 8 can also be used to

define the sugar conformation, as in chapter 1.

In the

decamer all the values for 8 define the sugar conformations
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Table 4.7 The sugar conformation for each nucleotide in
the Decamer using the pseudorotation angles
Base
GI
C2
G3
A4
A5
A6
A7
G8
C9
G10

Pucker
C2 'endo*
C4 'exo#
C2 1endo*
C2 1endo*
Cl 1exo*
04 'endo
Cl 'exo*
C2 1endo*
C2 'endo*
C2 1endo*

Angle
144
51
161
153
136
79
115
147
151
171

Base
C20
G19
C18
T17
T16
T15
T14
C13
G12
Cll

Angle
144
39
174
159
121

107
126
98
154
140

Pucker
C 2 1endo#
C 4 1exo#
C 2 1endo*
C 2 'endo*
C l 1exo*
C l 1exo
C l 1exo*
C l 'exo*
C 2 'endo*
C 2 1endo*

* C2 1endo family composed of C 2 1endo, C l 'exo, and C 3 1exo
# C3 1endo family composed of C 3 1endo, C 4 1e x o . and C l 'endo
All ■
others are transitional

Table 4 .8 Phosphate conformation for the Decamer using ewhere Bi < 0 < B n
Base
GI
C2
G3
A4
A5
A6
A7
G8
C9
G10

e-C
-47
-93
-35
-44
-49
-87
-59
-63
-137

Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi

Base
C20
G19
C18
T17
T16
T15
T14
C13
G12
Cll

e-C
-127
-87
-62
-70
-59
-39.
-23
-91
-45

Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
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as C 2 'endo.

This is the major puckering of the furanose

rings in B-DNA.
The conformation of the DNA backbone is defined by the
five remaining torsion angles

(OC , (3, y , £ and 0 .

A

correlation of these torsion angles with the conformation of
the backbone has not been well defined.

However, a

correlation has been established for the difference of two
the torsion angles £ and L>.

This differences conformations

were discussed previously in Chapter 1, therefore briefly,
the value of (£ - t,) defines two phosphate conformations
(Figure 1.15)

found in B-DNA: the Bi for which (£ - £) is

negative, and Bn,
al., 1982).

for which (£ - £) is positive

(Fratini et

The (£ - £) values for all the phosphates in

the decamer are negative, and thus, they are in a Bj
conformation (Table 4.8).

Intrahelical Bulge Models
These models have an unpaired base either on the
T-strand (C, A or G) or on the A-strand (C, T or G ) .
the models gave similar but not identical structures.

All
The

addition of an intrahelical unpaired base to an otherwise
complementary B-DNA duplex results in local changes centered
at the site of the unpaired base.

The greatest perturbation

is in the relative orientation of the base pair planes of
the flanking base pairs.

This results in the formation of a

wedge with a hole in the location opposite the unpaired base
(Figure 4.6-11).

The formation of a wedge has been noted in

Figure 4.6 A stereoview of the molecular model of the
T-strand ihtrahelical C viewed along the helix a x i s .
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Figure 4.7 A stereoview of the molecular model of the
T-strand intrahelical A viewed along the helix axis.

Figure 4.8 A stereoview of the molecular model of the
T-strand intrahelical G viewed along the helix a x i s .

Figure 4.9 A stereoview of the molecular model of the
A-strand intrahelical C viewed along the helix axis.
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Figure 4.10 A stereoview of the molecular model of the
A-strand intrahelical T viewed along the helix axis.
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Figure 4.11 A stereoview of the molecular model of the
A-strand intrahelical G viewed along the helix axis.
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other duplexes with an intrahelical base.

The addition of

an unpaired adenosine in d(GATGGGCAG)»d(CTGACCCATC) and an
unpaired guanosine in d(GATGGGCAG)®d(CTGC£CCATC)
and Crothers,

(Woodson

1989), and an unpaired adenosine by Hirshberg

et a l . (Hirshberg et al., 1988) in the duplexes
d(CGCAGAATTCGCG )2 and d (CGCAGAGCTCGCG)2 / all formed a wedge
at the site of the unpaired base.
The intrahelical bulge duplexes have greater curvature
than that seen in the decamer.

The curvature of the

T-strand bulge duplexes are 33°, 36° and 28° for Gi, Cj and
Ai respectively.

The A-strand bulge duplexes have 33°, 45°

and 36° curvature for Gi, Ci and Tj respectively.

The

presence of an unpaired Cj on either strand results in the
greatest curvature.
The roll per base pair can mirror the bending process.
When the roll oscillates between positive and negative value
of the same magnitude,

the duplex will in effect not curve.

In the T-strand bulges, the roll per base pair oscillates
along the duplex (Figure 4.12a).
duplexes,

In both the Gi and Ai

the magnitude of the rolls are the same

oscillating between 10° and -10° except for A6»T15, adjacent
to the unpaired base which has a roll of -20° and -17°
respectively.

The Ci bulge duplex does not oscillate but

rather stays near -5° ± 3° for G1»C20 through A4*T17,

then

rises at the base pairs adjacent to the Ci unpaired base,
A5*T16,

to 5° ± 2 and remains at this value for A6®T15,

A7«T14 and G8»C13.

For the A-strand duplexes, all the
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Figure 4.12 Base pair parameters, roll and tilt for the
intrahelical bulges. The T-strand values are a) roll,
b) tilt; A-strand values are c) roll, d) tilt.
Where Ci = O; Gi = rt; Tj = A; and Ai = +.
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unpaired bulge duplexes have a similar trend along the
duplex (Figure 4.12d).

In each the roll values oscillate

initially around a zero value.

At the base pairs adjacent

to the unpaired base, A5»T16 the roll is only slightly
greater than for the previous base pair, while the base pair
A6«T15 has a roll between 1° and 7°, after which the base
pair roll values continue to rise to the end of the duplex.
Tilt has also been proposed to influence the curvature
(Dickerson et a l ., 1983).

In both the T-strand bulges and

A-strand bulges, the A-tract, which surrounds the unpaired
base, is where the greatest tilt occurs.

For the T-strand

bulges, there is a large tilt at A4«T17, which then drops to
- 8 ° at A5®T16 and then to -11° at A6«T15

(Figure 4.12b) .

The tilt then oscillates between -2° and 4° from the last
A«T (A7®T14) until the end of the duplex.

The tilt for

A-strand bulge duplexes oscillates over a small range until
A5«T16, where the tilt value changes for A6»T15 from 6 ° to
values

of -8 ° -11° and -14°, for Gj, Cj and Tj

respectively.

The base pair in the A-tract, A7»T14, has a

tilt between of -2° and 4°, which persist until the end of
the duplex (Figure 4.12d).
Propeller twist is present in the bulge duplex.

To

simplify interpretation of the data, the magnitude of the
propeller twist is significant, not the sign.

The propeller

twist observed in the A-tracts of all the intrahelical bulge
duplexes is diminished compared to the decamer A-tracts.
the T-strand and A-strand bulges, the values for the

In
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propeller twist are reduced by 10°.

The T-strand bulges

with a Ci and Aj have a greater propeller twist at the
A6«T15 base pair, compared to the other base pairs in the
A-tract.

The T-strand Gi has a large positive propeller

twist of equal magnitude for the other two bulge duplexes
(Figure 4.13a).

The largest propeller twist for the

T-strand bulge duplexes is 18° at the G3®C18 base pair,
which is at the junction of the A-tract with the G*C base
pairs.

In the A-strand bulge duplexes the propeller twist

decreases along the base pairs up to A5°T16 for all the
unpaired bases

(Figure 4.13c).

At A6*T15, the propeller

twist rises to 17° for Ci and for the other two bulge
duplexes Gi and Tj the propeller twist is between - 1 0 ° and
14°.
The effect of buckle per base pair was described
previously in Chapter 1.

The buckle for the T-strand bulges

has a high positive value at the G3«C18

(Figure 4.13b).

The

buckle then decreases to near zero for the A-tract base
pairs, after which the buckle is then positive again at the
A7»T14.

The exception to trend is the Ci bulge which

continues to stay near zero after the A-tracts.

This

suggests that in the A-tract the base pairs are nested with
each other, while at the junctions between the A-tract and
the G»C regions the bases buckle in opposite directions.

In

the A-strand bulges the buckle magnitude varies greatly with
the unpaired base (Figure 4.13d).

There is little buckle in

the Ci and Ti bulge duplexes, with the having Ci the least.
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Figure 4.13 Base pair parameters, propeller twist and
buckle for the intrahelical bulges.
T-strand values are a) propeller twist, b) buckle;
A-strand values are c) propeller twist, d) buckle.
Where Ci = O; Gi = ★; Ti = A; and Aj = +.
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There is a large buckle in the A-strand Gj bulge at both the
A5»T16 and A6«T15.
directions.

These two buckles are in opposite

This is also the case for the Tj, but the

magnitude is less.

For the

A-strand Cj bulge, the duplex

oscillates near 1 0 ° along the entire duplex.
The rise per nucleotide measures height between the
base pairs.

In B-DNA the rise between base pairs is 3.34 A,

and in the decamer the rise approaches this value.

The

intrahelical duplexes all have a wedge and a "hole" opposite
the unpaired base.

If the rise were between two base pairs

then it would be near 7 A.

Therefore it is not unexpected

that an increased rise between the bases opposite the
unpaired base occurs.

In all the T-strand bulges

(Figure

4.14 a-c), a rise of 5.6 A is found for the base step
between the A5 and A 6 , which corresponds to the base pairs
across the "hole".

The rise remains near 3.5 A for the

remainder of the duplex.

In the A-strand bulge duplexes

(Figure 4.14 d-f) the largest rise also occurs opposite the
unpaired base duplex at the T15-T16 step.

All the other

rise steps in the A-strand bulge duplexes center on 3.5 A.
The twist per base pair is also affected at the base
pair adjacent to the unpaired base.

For B-DNA the twist is

36°, thus for two base steps the value would approach 72°.
In each of the intrahelical duplexes there is a large twist
angle at the base pair across from the unpaired base.

There

is also a decreased twist for the adjacent base pair steps
on the strand with the unpaired base.

For the T-strand
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bulges, all three of the duplexes have a large twist angle
at A5-A6 step,
A7-G8

followed by two low twist steps A6-A7 and

(Figure 4.15 a- c ).

The twist angles for the A-strand

bulges also have a large twist angle on the strand opposite
the location of the unpaired base (Figure 4.15 d-f) as in
the T-strand bulges.

The differences in the A-strand bulges

and the T-strand bulges is in the twist angles following the
unpaired base.

However, the highest twist angle was near

45° in each of the bulge duplexes.
the

T-strand bulges is near 25°.

The low twist angle on
In the A-strand bulges

the low twist angle was 33° for the Gi, and 28° for the Cj.
There was no decreased twist angles in the Ti bulge.
The

A,

angles and the A-difference values are shown in

Table 4.9 for the intrahelical duplexes and given in Table
3.2 for the Watson-Crick base pairs.
asymmetrical angle is 10°.

In this discussion the

For the three T-strand bulges

the G*C base pairs on the ends and the penultimate C®G base
pairs for the three duplexes have symmetrical

A,

angles.

G®C base pairs adjacent to the A-tract are asymmetric.
base pairs in the A-tract has the most asymmetrical

A

The
The

angles

with angle differences 20 to 41° higher on the adenosines
than on the thymines.

The

A

angles for the intrahelical

A-strand Bulge duplexes are in (Table 4.9 d-f).

Examining

the Gi, Ci and Ti duplexes the most prominent feature is the
asymmetry’ in the A-tract, with differences of around 10° for
Ti and Ci.

The A5®T16 base pair in the Ci duplex is the most

asymmetric of all the base pairs of these duplex with a
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Table 4.9 The lambda angles for the intrahelical
bulges duplexes.
The lambda difference is IA.1—A,2 I
(Figure 1.4)
Intrahelical
Xl Residue
a
GI®C20
52
52
C2®G19
G3 ®C18
49
A4-T17
88
A5®T16
65
G
84
A 6 ®T15
A7 ®T14
71
52
G 8 ®C13
C9 ®G12
52
52
G10 *C11
h
53
51
56
69
69
67
68

53
54
56
C
52
52
49
71
66

82
73
53
52
53

T- Strand
12 \Xl-X2 1
52
52
59
47
42
49
41
45
53
53

0
1
10

41
23
34
30
7
1
1

G1®C20
C2®G19
G3 ®C18
A4-T17
A5®T16
C
A6®T15
A7-T14
G8®C13
C9-G12
G10 ®C11

53
55
47
44
49
42
46
59
56
53

25

GI®C20
C2-G19
G3 ®C18
A4 ®T17
A5 ®T16
A
A6®T15
A7 ®T14
G 8 ®C13
C9 ®G12
G10 ®C11

52
53
59
44
42

0
1
10

49
42
45
53
53

0

4
9
25
20

22
6
2

3

27
23
33
30
8
1
0

Intrahelical A--Strand.
Residue X2 X1 -X2 1
Xl
d
G1-C20
59 15
44
9
C2 ®G19
55
46
G3-C18
44
55 12
A4 ®T17
57 11
45
49
5
44
A5 ®T16
G
2
54
A 6 ®T15
56
10
A7
®T14
58
48
6
G 8 ®C13
56
50
52
1
C9 ®G12
53
52
0
52
G10-C11
e
52
52
58
48
42
51
50
43
54
53
f
45
48
47
45
44
56
53
53
61
55

GI®C20
C2 ®G19
G3-C18
A4®T17
A5 ®T16
C
A6®T15
A7-T14
G8*C13
C9 ®G12
G10 ®C11

G1*C20
C2 ®G19
G3 ®C18
A4®T17
A5®T16
T
A 6 ®T15
A7-T14
G 8 ®C13
C9 ®G12
G10 ®C11

52
52
49
59
61

0
0
10
11

61
60
57
52
52

10
10

53
50
54
44
44
71
58
54
50
49

19

14
1
1

8

3
8
2
1

16
5
1
11
6
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difference of 19°.

The A-strand bulge with Gi has four

asymmetric base pair

X

angles greater than 1 0 °.

G1»C20, G3«C18, A4«T17 and A7«T14.

These are

The remainder of the

base-pairs are more symmetrical.
The torsion angles (X, j3, y, 5, £, ^ and % define the
conformation of the backbone.

The range expected for

idealized B-DNA for each is shown in the Figure 1.12.
However,

there is a wide variation noted in x-ray crystal

structures for most of these torsion angles.

What effect

each has on the conformation of the duplex is not well
defined for five of the seven torsion angles

(Dickerson,

1983; DiGabriele et a l ., 1989; Fratini et a l ., 1982; Kim et
a l ., 1992).

For the intrahelical bulge duplexes all the

torsion angles also demonstrate a wide variation.

Both the

T-strand (Figure 4.16) and the A-strand (Figure 4.17)
duplexes have similar values which cluster in a similar
range on all the duplexes.

The two which are defined are %

and 6 ; both will be discussed in detail below.
The orientation of the base to sugar is the torsional
angle %.

This torsion angle has been discussed previously

(Chapter 1).

The % angle for both sets of duplexes are in

the range of 210° to 300°.
duplexes,

Therefore,

in both sets of

the relationship of the base to sugar conformation

is anti.
The backbone pseudorotation values for the sugars, are
shown in Table 4.10. A description

of the pseudorotation is

given by equation 1.1 and discussed

in Chapter 1.

The
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Figure 4.16 Backbone torsion angles for the T-strand
intrahelical bulge duplexes.
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Figure 4.17 Backbone torsion angles for the A-strand
intrahelical bulge duplexes.

Table 4.10 The sugar puckering and P angles for of each nucleotide for the intrahelical
bulge...duplexes ___________________________________ _______________________________
Base

Angle

T-strand
Pucker

Rulae Dun!exes
Base
Angl e

Pucker

1G
2C
3G
4A
5A

167
163
173
90
170

C 2 ‘e n d o *
C 2 ‘e n d o *
C 2 ‘e n d o *
C l 1ex o *
C 2 ‘e n d o *

6A
7A
8G
9C
10G

-57
195
177
192
192

152
112
116
107
123
89
129
125
141
95
146

C 3 ‘e x o *
C 3 ‘e x o *
C 2 'e n d o *
C 3 'e x o *
C 3 ‘ex o *

C20
Gl 9
Cl 8
T17
T16
G
TI 5
T14
C13
012
Cll

192
192
169
123
23
60
142
195
183
162
166

C 3 ‘ex o *
C 3 1e x o *
C 2 1e n d o
C l ‘e x o *
C 2 ‘e n d o *
0 4 ' endo
C 2 1e n d o *
C 3 'ex o *
C 2 1e n d o *
C 2 ‘e n d o *
C 2 'e n d o *

C 2 'e n d o *
Cl'exo*
C l 'e xo *
C l 1ex o *
C l ‘e xo *
04'endo
C l 'ex o *
C l ‘ex o *
C 2 'e n d o *
0 4 1e n d o
C2 *e n d o *

20C
19G
18C
17T
16T
C
1 5T
14T
13 C
12G
11C

145
148
148
148
192

C 2 'e n d o *
C2 *e n d o *
C 2 1e n d o *
C 2 'e n d o *
C 3 ‘ex o *

A-strand
Pucker

Bulae Duo le xe s
Base A n g l e

Pucker

178
134
135
154
145

C 2 'e n d o *
Cl 1e xo *
C l 'e x o *
C 2 1e n d o *
C 2 ‘e n d o *

Gl
C2
G3
A4
A5
G
A6
A7
G8
C9
G10

152
112
116
107
123
89
129
125
141
95
146

C 2 ’e n d o *
0 4 1e n d o
04'endo
0 4 ' endo
C l ‘e x o *
0 4 1e n d o
C l 1e x o *
C l 1e x o *
C 2 'e n d o *
04'endo
0 2 ‘e n d o

C20
G19
C 18
T17
T16

145
148
148
148
192

C 2 'e n d o *
C 2 ‘e n d o *
C 2 'e n d o *
C 2 'e n d o *
C 2 'e n d o *

T1 5
T14
C13
G12
C ll

178
134
135
154
1 45

C 2 1e n d o *
C l 'e x o *
C l ‘e x o *
C 2 'e n d o *
C 2 ’e n d o *

Gl
C2
G3
A4
A5
C
A6
A7
G8
C9
G 10

152
112
116
107
123
89
129
125
141
95
146

C 2 'e n d o *
C l 'e x o *
C l ‘e x o *
Cl *ex o *
C l •e x o *
04'endo
C l 'e x o *
C l ’e x o *
C 2 1e n d o *
0 4 1e n d o
C 2 1e n d o *

C2 0
Gl 9
C18
T17
T16

1 45
1 48
148
148
192

C 2 1e n d o *
C 2 'e n d o *
C 2 1e n d o *
C 2 'e n d o *
C 3 'e x o *

T15
T14
C13
G12
Cll

178
134
135
154
145

C2 *e n d o *
C l 'e x o *
C l 1e x o *
C2 1e n d o
C 2 'e n d o

C 2 'e n d o *
C l 'e x o *
C l 1ex o *
C l 1ex o *
C l 'ex o *
04'endo
C l 'e x o *
C l 'e x o *
C 2 'e n d o *
0 4 ' endo
0 2 ‘e n d o *

C20
G1 9
Cl 8
T 17
T 16

14 5
148
148
148
192

C 2 1e n d o *
C 2 1e n d o *
C 2 1e n d o *
0 2 ‘e n d o *
C 3 •e x o *

T15
T14
G13
G1 2
Cll

178
134
135
154
14 5

C 2 1e n d o *
C l 'e x o *
C l 1ex o *
C 2 1e n d o *
0 2 ' endo*

e

b

A6
A7
G8
C9
G10

Angle

c

a

Gl
C2
G3
A4
A5

Base

f

C
Gl
C2
G3
A4
A5

152
112
116
107
123

A6
A7
G8
09

129
125
141
95

Gl0 146 .
* C2'endo
I C 3 'e n d o

C20
145
C 2 'e n d o *
G19
148
C 2 1e n d o *
Cl 8
148
C 2 'e n d o *
T17
148
C 2 'e n d o *
TI 6
192
C 3 ‘ex o *
A
89
0 4 1e n d o
C l ‘exo*
T15
178
C 2 ‘e n d o *
C l 'e x o *
TI 4
134
C l 1e xo*
C 2 'e n d o *
C 13
135
C l ‘exo*
0 4 ‘e n d o
G12
154
C 2 1e n d o
C2'endo*
Cll
145
C 2 ‘e n d o
f a m i l y c o m p o s e d o f C 2 ‘endo, C l ' e x o a n d C 3 1e x o
f a m i l y c o m p o s e d of C 3 ' e n d o , C 4 ' e x o a n d C l 'e n d o
C 2 'e n d o *
C l 1e x o *
Cl *ex o *
C l ‘e x o *
C l 'ex o *

Gl
C2
G3
A4
A5
T
A6
A7
G8
C9
Gl 0

152
112
116
107
123
89
129
125
141
95
146

145

146
conformations are described as two families
C 2 'endo and C 3 'endo.

(Table 4.10),

For the T-strand bulges and A-strand

bulges most of the sugar pucker are in the C 2 'endo family.
The C 4 ’ -C3 1 bond is defined by both the 5 torsion
angle, C 5 1- C 4 1-C31-031 and by the D 3 , 0 4 1-C41-C 3 1- 0 2 1.
8

The

torsion angle uses atoms in the backbone therefore

describes the geometry of the backbone, while the 1)3 defines
the sugar torsions, since it uses the atoms within the ring.
The furanose ring is constrained, thus the stress can be
relieved at the 8 torsion angle.

In all six duplexes the

two bases opposite the unpaired base have values of 162° ±
12°.

This is A5 and A 6 in the T-strand bulges and T15 and

T16 of the A-strand bulges.

The other nucleotides have 8

torsion on the order of 55° (Figure 4.15 and 16).

This high

torsion angle then indicates there is distortion of the
sugar opposite the unpaired base.
Of the other five backbone torsion angles the
differences between £ and £ are used to define the
conformation of the phosphates and are described in Figure
1.12.

The major conformation in B-DNA in solution is the Bi

conformation (Fratini et a l ., 1982).

The T-strand bulges

(Table 4.11 a-c) have all the duplexes with B u phosphate
conformations on nucleotides G3 and A7, while the other
nucleotides are in a Bi conformation.
duplexes

The A-strand bulge

(Table 4.11 d-e) has each of the nucleotides in the

range for Bi conformation.

The conformation of each of the
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Table 4.11 Phosphate conformation for the intrahelical
bulge duplexes using e-£; where Bj < 0 < B ji
T-Strand Bulge Duplexes________ A-Strand Bulge Duplexes
Base
Base
Base
Base
e-C
e-C
d
a
C2 0
-43
-37
Gl
-21
Bi
Gl
-22
C
20
Bi
Bi
Bi
-67
-39
G19
-7
Bi
C2
-33
G19
Bi
B i C2
Bi
-43
C18
-65
Bi
G3
101
C18 -19
Bi
Bn
B i G3
T17
-42
-72
T17
A4
B
i
A4
-98
-55
B
i
Bi
Bi
-33
-7
T16
A5
-36
T16 -51
Bi
A5
Bi
Bi
Bi
-82
C
-81
Bi
Bi C
-27
-57
T15
Bi
-78
T15 -49
A6
Bi
Bi A 6
Bi
T14
-48
-56
T14
Al
A7
-163
Bi
75
Bi
Bi
B ii
-47
-50
Bi
C13
-8
Bi
Bi
C13
G8
-3
Bi G 8
-37
G12
-77
G12 -28
Bi
C9
-31
Bi
B i C9
Bi
Cll
G10
Cll
G10

b
Gl
C2
G3
A4
A5
A6
A7
G8
C9
G10

C
Gl
C2
G3
A4
A5
A6,
A7
G8
C9
G10

-21

-33
101
-■107
-36
-81
66

-3
-19

Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
B ii

-26
-34
95
-99
-36

Bi
Bi
B ii
Bi
Bi

-86

Bi
B ii
Bi
Bi

58
-1
1

C20
1
G19 -12
C18 -13
T17 -57
T16 -50
A
-75
T15 -56
T14 -135
C13 -28
G12 -35
Cll

C20
-6
-14
G19
C18
-19
T17
-55
T16
-51
G
-49
T15
-5
T14 -140
-12
C13
G12
-28
Cll

Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi

Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi

e
Gl
C2
G3
A4
A5
T
A6
Al
G8
C9
G10
f
Gl
C2
G3
A4
A5
G
A6
Al
G8
C9
G10

-28
-57
-56
-70
-9
-78
-51
-56
-37
-56

Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi

1

B ii
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi
Bi

-10
-26
-59
-50
-85
-6

-41
-84
-72

C20
G19
C18
T17
T16

-41
-39
-45
-47
-30

Bi
Bi
Bi
Bi
Bi

T15
T14
C13
G12
Cll

-26
-47
-49
-40

Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16

-29
-50
-76
-97
-36

Bi
Bi
Bi
Bi
Bi

T15
T14
C13
G12
Cll

-85

Bi
Bi
Bi
Bi

-88

-87
-90
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unpaired bases are all well within the range defined as the
Bi conformation.

Extrahelical Bulge Models
These duplexes have an unpaired base in the
extrahelical conformation in either the T-strand (Figure
4.19-22 or the A-strand (Figure 4.23-4.26).

The unpaired

base in the extrahelical conformation will be designated by
a subscript E (Figure 4.3).

In the extrahelical

conformations the purine bases were accommodated in two
positions, one predominately in the major groove (Figure
4.20, 4.22 and 4.26) and the other predominately in the
minor groove (Figure 4.19, 4.21 and 4.25).

The major groove

will be designated with a subscript of J and the minor
groove will be an N.

The pyrimidines are in the minor

groove only as shown in Figures 4.18, 4.23 and 4.24.

Each

of the parameters discussed below has been defined in
Chapter 1 and under the decamer and Intrahelical Bulge
sections.
There is an overall curvature to extrahelical
structures.

Curvature for the T-strand bulge duplexes are

33°, 34°, 30°, 34°, and 34° for the Ce» Aej, Aen- Gej and
Gen-

respectively.

duplexes are
Gen-

Curvatures for the A-strand bulge

36°, 31°, 31° and 30° for the Ce, Te, Gej and

respectively.

The extrahelical bulge duplexes have

similar curvature and all are greater than noted for the

Figure 4.18 A stereoview of the molecular model of the
T-strand extrahelical C bulge duplex viewed along the
helix a x i s .

Figure 4.19 A stereoview of the molecular model of the
T-strand extrahelical A en (minor groove) bulge duplex
viewed along the helix axis.

Figure 4.20 A stereoview of the molecular model of the
T-strand extrahelical Aej (major groove) bulge duplex
viewed along the helix axis.

Figure 4.21 A stereoview of the molecular model of the
T-strand extrahelical Gen (minor groove) bulge duplex
viewed along the helix axis.

Figure 4.22 A stereoview of the molecular model of the
T-strand extrahelical Gej (major groove) bulge duplex
viewed along the helix axis.

Figure 4.23 A stereoview of the molecular model of the
A-strand extrahelical C bulge duplex viewed along the
helix axis.

Figure 4.24 A stereoview of the molecular model of the
A-strand extrahelical T bulge duplex viewed along the
helix axis.

Figure 4.25 A stereoview of the molecular model of the
A-strand extrahelical G en (minor groove) bulge duplex
viewed along the helix axis.

Figure 4.26 A stereoview of the molecular model of the
A-strand extrahelical Gej (major groove) bulge duplex
viewed along the helix axis.
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decamer (17°) .

These values are also on the same order as

those seen in the intrahelical duplexes.
The roll values for the T-strand bulge duplexes are
shown in Figure 4.27a.

The roll oscillates over the length

of the duplex except at the region of the unpaired base.

In

the T-strand bulges, the roll decreases for steps between
A4®T17-A5®T16 and A6®T15-A7®T14 for all the unpaired bases.
Roll angles for the A-strand bulge duplexes are shown in
Figure 4.27c.

Again the roll oscillates over the length of

the duplexes.

Notice, however, that the center of the

oscillation decreases from 10° to 0° at steps A4®T17-A5®T16
and A6®T15-A7®T14, and then the center of oscillation
increases to 5°.
Tilt is shown in Figure 4.27c for the T-strand and
Figure 4.27d for the A-strand bulges.

Both T-strand and

A-strand bulge duplexes have very similar trends for tilt.
Up to the A4®T17-A5®T16 step the tilt increases.

The tilt

decreases across the region of the unpaired base to step
A 6 ®T15-A7 ®T14.
Buckle for the T-strand bulges are shown in Figure
4.28a and shown in Figure 4.28b for the A-strand bulges.
The T-strand extrahelical bulges has a near zero value for
the'buckle (Figure 4.28a) at G3®C18, which becomes positive
for A4®T17 and A5®T16 then returns to a negative value on
the other side of the unpaired base, A6®T15 and A7®T14.
This suggest that the base pairs are nested on each side of
the unpaired base and surround the region of the unpaired
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Figure 4.27
Roll and tilt base pair parameters for the
extrahelical bulges. T-strand a) roll and b) tilt.
A-strand c) roll and d) tilt. Where the bulges are
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base.

The A-strand bulges have different buckle trends for

(Figure 4.28b) each of the unpaired bases.

Two extrahelical

G e j and G e n bulge duplexes have similar trends at A4«T17,
which is negative and becomes more negative at A5«T16.
Across unpaired base to A6®T15 the buckle increases.
the most negative buckle occurs at the A5®T16.

Thus

The T e bulge

duplex, transition from decreasing to increasing buckle
value occurs at the A6®T15 base pair. The C e has a major
transition at the A7«T14, which has a large negative value
that becomes near zero at the G8«C13.
The propeller twist is shown in Figure 4.29 a and b for
the extrhalical bulge duplexes.

In the four extrahelical

purines on the T-strand bulge duplexes

(Figure 4.29a) the

propeller twisting is at a maximum for the base pairs A4«T17
for A e n / A e j , G en an(3

gej.

twist is maximum at A6»T15.

However,

for C e the propeller

All the T-strand bulge duplexes

have the largest propeller twisting in the A-tracts.
A-strand bulges

The

(Figure 4.29b) has three (Te , C e , and G e n ) of

the duplexes with increasing magnitude propeller twist
through the A-tract.

The Gej bulge duplex propeller twist

increases at the A4®T17 and A5®T16.

After the unpaired base

the A6»T15 base pair has a diminished magnitude, which
returns to the high propeller twist for the last A»T base
pair.

The C e and Te have decreased propeller twisting until

the A6«T15, but the propeller twist never reaches the
magnitude seen in the two A-strand extrahelical G bulges,
Gej

or Gen.
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Rise per nucleotide measures the height between the
bases pairs.

The rise for the T-strand bulge duplexes

(Figure 4.30a) oscillates near 3.4 A in each.

The rise in

the A-strand is centered on 3.5 A (Figure 4.30b).
The effect of the extrahelical base on the twist of
each step varies greatly in the region of the unpaired base.
Both the T-strand and A-strand bulge duplexes a low twist is
followed by a high twist, except for the base pair steps
surrounding the unpaired base (Figure 4.30 a and d ) .

The

T-strand bulge duplexes all have a trend is similar for all
until the region adjacent to the unpaired base
4.30b).

(Figure

Step A4«T17-A5®T16 and A5»T16-A6»T15 are both 38°

for C e A ej A en and G ej bugle duplexes.
twist angle of 31°.

The G en duplex has

a

The twist angles for the A-strand

bulges duplexes alternate between low twist and high twist
angles up to the A-tract
(A5«T16-A6*T15)

(Figure 4.30d).

The A«T step

is a low twist for G ej and high twist angles

for T e and G e n / while the C e has an intermediate twist value
of 36°.

The A6»T15-A7«T14 base pair step decreases to 33°

for T e

and G en bulge duplexes and increases to 3 9°

for C e

and Gej bulge duplexes, respectively.

The definition of the

X

and 37°

angle are described in the

Introduction of chapter 1, and is shown on Figure 1.4.

X angles for the T-strand are shown in Table 4.12.

The

There

are 11 base pairs which have a asymmetric X,-difference value
greater than 10°.

The largest number of asymmetrical base

pairs occurs on the Aej and Gej bulges

(Table 4.12b and c ) .
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Figure 4.30 The rise and twist for the extrahelical bulge
duplexes. T-strand a)rise, b)twist, A-strand c)rise and
d) twist. Where the bulges are :
•O = cE
+ = aej
* = G e j a = te
□ = aen
* = g en

Table 4.12 The lambda angles of the T-strand extrahelical
bulge duplexes. The lamdba difference is listed as |A,1-A,2I

XI

Residue

X2

1A.1 -X2 1

55
50
54
47
58

8
2
8
1
8

45
58
51
46
47

4
13

u

Residue

\Xl -\2 |

X2

a
47
52
46
47
49
49
45
52
57
55

G1-C20
C2®G19
G3®C18
A4®T17
A5 ®T16
Ce
A6-T15
A7-T14
G8®C13
C9-G12
G10 ®C11

2
10
8

b

d
47
56
45
47
45
45
46
53
55
57

G1®C20
C2 ®G19
G3 ®C18
A4®T17
A5 ®T16
A ej
A 6 ®T15
A7-T14
G 8 ®C13
C9 ®G12
G10-C11

56
47
56
50
49
58
53
49
45
45

9
9
11

3
5
13
7
3
10
12

C
47
52
46
47
49
48
45
52
56
55
A ej
A en
G

e j

G en

G1-C20
C2 ®G19
G3 ®C18
A4 ®T17
A 5 •T16
G ej
A6-T15
A7 ®T14
G 8 ®C13
C9 ®G12
G10-C11
=the
=the
=the
=the

major
minor
major
minor

55
50
55
48
58
44
58
51
46
46
groove
groove
groove
groove

8
1

9
1

9
4
13
2
10
8

48
51
47
47
49
49
46
51
55
54
e
47
55
46
48
47
48
43
50
57
52

comformation
comformation
comformation
comformation

G1-C20
C2-G19
G3 ®C18
A4 ®T17
A5 ®T16
A en
A 6 ®T15
A7 ®T14
G 8 ®C13
C9 ®G12
G10-C11

G1-C20
C2-G19
G3 ®C18
A4-T17
A5 ®T16
G en
A 6 ®T15
A7 ®T14
G 8 ®C13
C9 ®G12
G910 ®C11
of
of
of
of

the
the
the
the

54
51
53
49
57

6
0
6
2
8

43
58
52
47
47

5
13

53
52
54
49
60
46
55
51
49
47

unpaired A
unpaired A
unpaired G
unpaired G

1
8

7

6

3
8
1

13
1
12
0
8

5
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However, all the extrahelical T-strand bulges with

X

difference values over 1 0 ° none are greater than 13°.

The

X

angles for the A-strand bugles duplexes are in Table 4.13 ad.

The bulge duplexes Ce, Te and Gen has 11 asymmetrical

A,-differences values again with none greater than 13 °.
Gej

has

X

The

angles largely in the range seen for the two

A-strand pyrimidines bulges.
long range for the

X

angles.

However, the effect of Gen is
The A, angles for the Gen are

the most asymmetrical of all the A-strand bulges.

There is

one symmetrical base pair, G8®C13, with a A,-dif ference 4°.
The remainder of the base pairs have A,-differences that are
in the range of 10° to 22° (Table 4.13c) .
The phosphate torsion angles, CL, |5, y,

5,

£, £ and %,

representations are shown in the inset of Figure 1.17.

Both

the T-strand and A-strand extrahelical bulges have rotation
wheels which appear similar (Figure 4.31a-e and Figure
4.32a-d) with all the values clustering in the same regions.
The torsion angles 8 , 8 , C, and % have specific ranges
defining a conformational state of the backbone and sugar
pucker.

Each will be discussed in the context of the

conformational ranges.
The glycosidic bond, represented by %, defines the
relationship between the base and the sugar and is described
in Chapter 1.

The T-strand bulge duplexes has nucleotides

in the anti conformation (Figure 4.31 and 4.32).

The Ce,

aen# Aej and Gen of the T-strand extrahelical bulges all have
one nucleotide above 270°.

Nucleotide T16 is 278°, 282°

Table 4.13 The lambda angles of the A-strand extrahelical
bulge duplexes. The lamdba difference is listed as lA.l-A.2l
A,1

Residue

47
58
46
51
54

G1»C2 0
C2-G19
G3-C18
A4 »T17
A5-T16
Ce
A 6 *T15
A7-T14
G8*C13
C9«G12
G10-C11

A.2

1Al-A.2 l..

A,1

Residue

55
50
62
56
56

G1«C20
C2«G19
G3*C18
A4 ®T17
A5-T16

1A.1 -A2 1

A2

a

67
42
52
54
55

57
48
59
54
61

10
10

55
47
47
46
45

12

10

48
53
47
48
50

8
2
8
1
8

50
46
53
58
55

12
1
10
8

13
4
7
5
5
7

b
56
51
55
49
58
46
58
52
47
48

G1«C20
C2»G19
G3-C18
A4»T17
A5-T16
Te
A6-T15
A7.T14
G8-C13
C9 *G12
G10-C11

3

C

d
47
56
46
48
49

G1«C20
C2 ®G19
G3»C18
A4-T17
A5*T16
G

69
43
53
53
57

57
49
57
51
56

10

7
11

3
7

G

e j

A 6 »T15
A7-T14
G8*C13
C9 ®G12
G10 ®C11

56
47
48
47
46

13
4
5
6
10

65
58
53
41
45

69
60
46
47
46

10

16
9
10

e n

A6-T15
A7-T14
G8«C13
C9 ®G12
G10-C11

46
49
56
63
61

Gej = the major groove comformation of the unpaired G
e n
= the minor groove comformation of the unpaired G

G

14

19
9
4
22

16
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Figure 4.31 Backbone torsion angles for the T-strand
extrahelical bulge duplexes,
a) C e

169

Figure 4.31
(continued) Backbone torsion angles for the
T-strand extrahelical bulge duplexes, b) Gej and c) Gen.

170

Figure 4.31 (continued)
Backbone torsion angles for the
T-strand extrahelical duplexes,
d) A ej and e) A en

171

Figure 4.32 Backbone torsion angles for the A-strand
extrahelical bulge duplexes, a) C e and k) 'rF

172

Figure 4.32
(continued) Backbone torsion angles for the
A-strand extrahelical bulge duplexes,
c) Gej and d) Gen.
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280° and 273°, for C e , A e n , A ej and G en respectively.
Nucleotide T16 is adjacent to the unpaired base.

The

A-strand bulge duplexes Ce, Te, and Gej also have values
above 270°, these are 278°, 284, 275°, respectively.

This

nucleotide is the A5 which is adjacent to the unpaired base
as in the T-strand duplexes.

However, there is a

concentration of the % angle around the 240° range for the
other nucleotides.

All the nucleotides are in the anti

configuration on both the T-strand and A-strand bulge
duplexes.
Pseudorotation angles are derived from equation 1.1 and
define conformation of the sugar as described in Chapter 1.
The sugar torsion angles for the T-strand bulges are given
in Table 4.14.

The T-strand bulge duplexes have the

majority of the sugars on each nucleotide are C 2 'endo ,
there are three C 3 'endo sugars

(Table 4.14).

Of these the

Aej bulge has C3 1endo and Gej bulge has a 04 1endo for the
unpaired base, the others are C2'endo.

The A-strand bulge

duplexes have most of the sugars in the C2'endo conformation
(Table 4.15) .

The nucleotides T17 and T15 on Ce, Te and Gen

are in an 04' endo conformation

The G e j , the major groove

conformation, has the A 6 , G 8 and C20 in 0 4 1endo (Table
4.15).
The difference of the £ and C, angles, from above,
describes the phosphate conformations described in Figure
1.12.

In brief, values which are positive are B ji and

negative are Bi.

B-DNA has the phosphates in Bj

Table 4.14 The sugar puckering and P angle for each nucleotide of the T-strand
extrahelical duplexes.__________________________________________________________
Base

Anqle

Pucker

Base

Anqle

Pucker
C 2 'e n d o *
C l 1e xo *
C l 'e x o *
C 2 ‘e n d o *
04 1e n d o *
C2 'e n d o *
Cl 1e x o *
0 4 ' endo
0 4 ' exo
C 2 'e n d o *
C l 'ex o *

C 2 1e n d o *
Cl'exo*
C l 'e x o *
C 2 'e n d o *
C l 1e x o *
C 3 'e x o *
C l 'e x o *
Cl'exo*
04'endo
C 2 'e n d o *
Cl'exo*

Base

Angle

Pucker

Base

Anqle

Pucker

a
G1
C2
G3
A4
A5

150
100
125
94
140

C 2 'e n d o *
0 4 ' endo
C l 'ex o *
0 4 1e n d o
C 2 'e n d o *

A6
A7
G8
C9
G10

101
132
147
86
147

0 4 ' endo
C l 1e xo *
C 2 1e n d o *
0 4 1e n d o
C 2 1e n d o *

15 T 1 5
14T14
13C13
12G 12
11 C 11

141
133
132
141
101
172
119
106
79
156
137

G1
C2
G3
A4
A5

150
101
125
93
141

C 2 'e n d o *
0 4 ' endo
C l 'e x o *
0 4 ' endo
C 2 'e n d o *

A6
A7
G8
09
G10

101
131
145
88
146

04 *e n d o
C l 1e x o *
C 2 1e n d o *
0 4 1e n d o
C 2 1e n d o *

C20
Cl 9
Cl 8
T17
T16
Aen
T15
T14
C13
G12
Cll

140
133
131
142
102
134
121
104
79
157
137

148
103
122
93
140

C 2 1e n d o *
0 4 ' endo
C l ’e x o *
04 *e n d o
Cl'exo*

20 C 2 0
19 G 19
18C 1 8
17 T1 7
16 T1 6

Ce

b

AS

153
158
132
124
109

C 2 'e n d o *
C 2 'e n d o *
C l 'e x o *
C l 'e x o *
04 'e n d o

A6
A7
G8
C9
,10
(’

120
131
137
130
133

C l 'e x o *
C l 'e x o *
C l 'e x o *
C l 'e x o *
C l 'e x o *

148
105
122
93
140

C 2 ‘e n d o *
C l ’e x o *
C l 'e x o *
04 'e n d o
C l 'e x o *

C20
G 19
Cl 8
T17
T16
Aej
T15
T14
C13
G 12
Cll

141
130
116
130
57
299
87
144
83
148
135

C 2 'e n d o *
C l 'e x o *
04 ’e n d o
C l 'e x o *
C 4 'e x o
C 3 'e n d o *
04 ' endo
C 2 'e n d o *
04 'e n d o
C 2 'e n d o *
C l 'e x o *

138
132
132
143
111
303
136
90
86
157
142

C l 1e x o *
Cl 'exo*
C l 'e x o *
C 2 'e n d o *
0 4 ‘e n d o
04 'e n d o
C l 'ex o *
04 'e n d o
04 ’e n d o
C 2 'e n d o *
C 2 'e n d o *

e

C
1G
20
3G
4A
5A

d
G1
C2
G3
A4

6A
99
130
7A
8G
145
89
90
1 0 G 149
* 0 2 ' endo
# 03 'e n d o

20C
134
Cl'exo*
19G
132
Cl'exo*
137
18C
C l 'e x o *
17T
143
C 2 'e n d o *
16 T
04'endo
111
162
C 2 'e n d o *
Gen
15T
0 4'endo
136
C l 'ex o *
C l ‘e x o *
14T
120
C l 'ex o *
13C
C l ‘e xo*
C 2 'e n d o *
116
12 G
0 4 'e n d o
155
C2'endo*
11 C
C 2 ’e n d o *
C 2 'e n d o *
141
f a m i l y c o m p o s e d o f C 2' e n d o , C l ' e x o a n d C 3 'e x o
f a m i l y c o m p o s e d o f C 3 ‘endo, C 4 ' e x o a n d C l ' e n d o

G1
C2
G3
A4
A5

C20
G19
C18
T17
T16
Gej
99
T1 5
A6
04 'e n d o
130
Cl'exo*
T14
A7
145
C 2 'e n d o *
C13
G8
C9
89
0 4 'e n d o
G12
no
149
Cll
C 2 'e n d o *
EJ = t h e m a j o r g r o o v e c o m f o r m a t i o n
EN = t h e m i n o r g r o o v e c o m f o r m a t i o n

Table 4.15 The sugar puckering and P angle for each nucleotide for the A-strand
extrahelical duplexes.
Base

Angle

Pucker'

Base

Anqle

Pucker

a
G1
C2
G3
A4
A5
Ce
A6
A7
G8
C9
G10

153
81
146
147
144
122
140
160
151
104
140

0 2 1e n d o *
04 *e n d o
C 2 1e n d o *
0 2 ‘e n d o *
0 2 ‘e n d o *
Cl *e x o *
0 2 ' endo*
C 2 ‘e n d o *
0 2 1e n d o *
0 4'endo
0 2 ' endo*

C20
G19
C18
T 17
T16

140
129
107
105
140

C l 'e xo*
C l 1e xo*
0 4 1e n d o
0 4 ‘e n d o
C 2 'e n d o *

T15
T14
013
G12
Cll

68
148
82
145
135

0 4 1e n d o
C 2 'e n d o *
0 4 ' endo
C 2 'e n d o *
C 2 1e n d o *

b
G1
C2
G3
A4
A5
Te
A6
A7
G8
C9
G10

142
134
134
45
104
174
124
110
81
157
142

C 2 'e n d o *
C l 1e x o *
Cl *e x o *
C l ‘e xo *
0 4 1e n d o
C2 *e n d o
Cl 1e x o *
0 4 ' endo
0 4 1e n d o
C 2 1e n d o *
C 2 1e n d o *

C 20
G19
Cl 8
T1 7
T 16

151
101
125
96
142

C 2 1e n d o *
0 4 ' endo
C l ‘exo *
0 4 ‘e n d o
0 2 1e n d o *

T 15
T14
C13
G1 2
Cll

101
133
148
88
149

0 4 ' endo
C l ‘exo *
C 2 'e n d o *
0 4 ' endo
C 2 1e n d o *

C 20
G 19
C 18
T1 7
T16

141
131
110
115
133

C 2 1e n d o *
C l 1e x o *
0 4 ' endo
0 4 ' endo
C l 'exo *

c
G1
C2
G3
A4
A5

154
95
138
130
144
176
Gen
A6
154
A7
139
G8
155
C9
135
G10
141
* 0 2 ‘e n d o
§ 0 3 ' endo

C 2 'e n d o *
0 4 ' endo
C l 1ex o *
C l 1e x o *
C 2 1e n d o *
0 2 ‘e n d o *
C 2 'e n d o *
C l 'e x o *
C 2 1e n d o *
C l 'e x o *
C 2 ‘e n d o *
fam i ly c o m p o s e d of
f a m i l y c o m p o s e d of

T15
79
0 4 1e n d o
150
C 2 1e n d o *
T14
96
C13
0 4 ' endo
150
G12
0 2 ’e n d o *
Cl 1
144
C 2 1e n d o *
C 2 ‘endo, C 1 ‘e x o a n d 0 3 ' e x o
C 3 ' e n d o , C 4 ' e x o a n d C l 'e n d o

Base

Angle

Pucker

Base

Angle

Pucker

,

d
G1
02
G3
A4
A5
G Ej
A6
A7
G8
C9
G10

143
133
120
137
37
284
101
153
76
150
141
EJ = t h e m a j o r
EN = t h e m i n o r

C 2 1e n d o *
C20
C l 'e xo*
G 19
C l 1exo*
C18
T1 7
Cl *ex o *
C l ‘ex o *
T16
C4 'exo!)
04 *e n d o
T15
C 2 'e n d o *
T14
04 'e n d o
C13
C 2 'e n d o *
G12
Cll
C 2 1e n d o *
groove comformation
groove comformation

90
177
131
125
110

0 4 ’e n d o
C 2 ‘e n d o *
C l 1e x o *
C l 'e x o *
04 1e n d o

123
134
142
130
136

Cl 'exo*
C l 1e x o *
C 2 'e n d o *
C l 1e x o
C l ‘e x o *
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conformations.

There are two B n

conformations in C e and A ej

bulge duplexes on the T-strand (Table 4.16), the T16 and the
unpaired base.

Both the G en a^d G ej bulge duplexes have B jj

conformations only on T16.

The A ej has the unpaired base

and the C9 nucleotide in the B n conformation (Table 4.16) . .
The unpaired base phosphates in all the A-strand bulge
duplexes

(Table 4.17) are in a B n

conformation.

Additionally, the A-strand bulge duplex Te has the
nucleotides A5 and A7 in the B n conformation.

Discussion

The presence of an unpaired base in the center of the
duplex results in structural changes in the vicinity of the
unpaired base in both the extrahelical and intrahelical
conformers.

Each of the bulges will be compared for the

A-strand and T-strand duplexes, which will be compared to
the decamer.

Intrahelical Bulge Models
In the intrahelical unpaired base duplexes the overall
conformation is due to the stacking of the unpaired base
within the helix.

The bases adjacent to the unpaired base

were constrained to be base-paired and the unpaired base was
then allowed to facilitate stacking.

A consequence of this

action is to create a wedge in the duplex at the site of the

Table 4.16 Phosphate conformation for the T-strand
extrahelical bulge duplexes using £-£; where Bi < 0 < Bx

Bi
Bi
Bi
B
Bi

-74
-48
-44
-87

Bi
Bi
Bi
Bi

-39
-85
-50
-58
-70

Bi
Bi
Bi
Bi
Bi

A 6 -60
A7 -50
G 8 -45
C9
18
G10

Bi
Bi
Bi
Bn

b
G1
C2
G3
A4
A5

C
G1
C2
G3
A4
A5

A6
A7
G8 '
C9
G10
A ej
A en
G ej
G en

Base

-47
C20
G19
-46
C18
-52
T17 --100
T16
45
172
Ce
T15
-85
T14
-81
C13
-90
G12
-34
Cll

Bi
Bi
Bi
Bi
B ii
Bn
Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16
AEh
T15
T14
C13
G12
Cll

Bi
Bi
Bi
Bi
Bi
Bn
Bi
Bi
Bi
Bi

e-C

Base

i

A6
A7
G8
C9
G10

Base

CO

Base e-C
a
G1 -39
C2 -77
G3 -58
A4 -80
A5 -47

d

-38
-73
-59
-80
-47

Bi
Bi
Bi
Bi
Bi

-77
-51
-44
-84

Bi
Bi
Bi
Bi

= the
= the
= the
= the

-48
-50
-60
-52
-81
52
-86

-47
-87
-39

C20
-48
G19
-46
C18
-52
T17 -101
T16
50
G en -166
T15
-68
T14
-89
C13
-84
G12
-35
Cll

major
minor
major
minor

groove
groove
groove
groove

Bi
Bi
Bi
Bi
B ii
Bi
Bi
Bi
Bi
Bi

G1
C2
G3
A4
A5

-40
-71
-61
-79
-47

Bi
Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16

A6
A7
G8
C9
G10

-68

-86

Bi
Bi
Bi
Bi

T15
T14
C13
G12
Cll

-39
-77
-58
-80
-46

Bi
Bi
Bi
Bi
Bi

-74
-49
-44
-87

Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16
G ej
T15
T14
C13
G12
Cll

A

e
G1
C2
G3
A4
A5
A6
A7
G8
C9
G10

-54
-49

comformation
comformation
comformation
comformation

ej

-47
-48
-52

-110
50
203
-63
-81
-81
-54

-48
-47
-52
-99
44
-93
-85
-82
-90
-34

of the unpaired
of the unpaired
of the unpaired
of the unpaired

A
A
G
G

Bi
Bi
Bi
Bi
B ii
B ii
Bi
Bi
Bi
Bi

Bi
Bi
Bi
Bi
B ii
Bi
Bi
Bi
Bi
Bi
Bi

Table 4.17 Phosphate conformation for the A-strand
extrahelical bulge duplexes using e~C; where Bi < 0 < Bj
Base e-C
a
G1 -40
C2 - 8 8
G3 -40
A4 -48
A5 -45
C e 144
A 6 -19
A7 -25
G 8 -41
C9 -79
G10

Base
Bi
Bi
Bi
Bi
Bi
Bn
Bi
Bi
Bi
Bi

e-C

Base

C20
G19
C18
T17
T16

-48
-51
-73
-70
-45

Bi
Bi
Bi
Bi
Bi

T15
T14
C13
G12
Cll

-89
-43
-40

Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16

-50
-50
-70
-64
-51

Bi
Bi
Bi
Bi
Bi

T15
T14
C13
G12
Cll

-84
-43
-80
-39

Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16

-6

-8 8

e-C

Base

e-C

b

-40
-78
-49
-58
118
174
-142
39
-39
-58

Bi
Bi
Bi
Bi
B ii
B ii
Bi
B ii
Bi
Bi

-54
-51
-57
-49
-84
189
Gen
A 6 -74
A7 -44
G 8 ' -87
C9 -39
G10

Bi
Bi
Bi
Bi
Bi
B ii
Bi
Bi
Bi
Bi

G1
C2
G3
A4
A5
TE
A6
A7
G8
C9
G10
C

d

G1
C2
G3
A4
A5

G

e j

G

e n

-26
-52
-59
-68

Bi
Bi
Bi
Bi
Bi

G1
C2
G3
A4
A5
G

T15
T14
C13
G12
Cll

-58
-49
-43
-60

Bi
Bi
Bi
Bi

e j

A6
A7
G8
C9
G10

-51
-48
-54
-1 00

-51
127
-85
-78
-90
-37

Bi
Bi
Bi
Bi
Bi
B ii
Bi
Bi
Bi
Bi

C20
G19
C18
T17
T16

42
-78
-60
-80
-49

Bi]
Bi
Bi
Bi
Bi

T15
T14
C13
G12
Cll

-75
-50
-46

Bi
Bi
Bi
Bi

-86

= the major groove comformation of the unpaired G
= the minor groove comformation of the unpaired G
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unpaired base.

The formation of a wedge at the site of an

unpaired base has been noted in other model building studies
(Keepers et a l ., 1984; van den Hoogen et a l ., 1988c; Woodson
and Crothers,

1988c).

The location of the unpaired base

stacked into the helix creates a "hole" opposite the
unpaired base which has no base.

One would expect that the

apparent size of the hole is larger when the unpaired base
is a pyrimidine than when the base is a purine.
Most of the wedge is formed by the base pairs buckling
and tilting.

In the intrahelical bulge duplexes this wedge

is generated by the base pairs increasing the tilt for the
base pairs adjacent to the unpaired base (Figure 4.12 a, c ) .
The intrahelical bulge duplexes has helix curvature, which
is greater than seen on the decamer.

The presence of the

wedge at the site of the unpaired base and the presence of
curvature in the duplex leads to the question: Does the
presence of an unpaired base create a bend?.
al

Dickerson et

(1983) proposed the following: Bending of DNA is

primarily a result of the roll of the base pairs and not
tilt of the base pairs and a series of purine-pyrimidine
steps compresses the minor groove (negative roll), resulting
in steric clash which is decreased by propeller twisting.
By plotting the roll angle versus tilt angle, the effect of
roll and tilt can be determined.

The roll versus tilt for

the decamer is shown Figure 4.33a and for idealized B-DNA
based on Arnott fiber diffraction coordinates is shown
Figure 4.33b.

The plot is divide into 30° increments, by
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Figure 4.33
Roll versus tilt for the Decamer and Arnott
fiber diffraction coordinates,
a) Decamer after
minimization, b) Arnott coordinates for the Decamer before
minimization.

examining values within 30° of either a positive or negative
value yields the base-pairs which are pure roll or tilt.
Those points falling outside the 30° range of each axis are
intermediate values and contain contributions from both roll
and tilt.

Positive roll values to the right of the origin,

indicate a compression of the major groove and those to the
left are minor groove compression.

Thus in the decamer,

which has an overall curvature of the helix axis of 17° in
the duplex, 13 total bases out of the 2 0 exhibit pure roll
and five exhibit pure tilt.
intermediate ranges.

The remaining two fall in the

Most of the values for both roll and

tilt are near 5° cluster.

Based on the plot of roll versus

tilt the majority of the curvature in the decamer is
associated with roll.

Values near zero will not contribute

to the overall curvature.

An Arnott coordinates helix

generated with the decamer sequence has no curvature.

In

Figure 4.33b all the values for roll and tilt center on
zero.
As for the intrahelical duplexes, the curvature is
greater than that noted for the decamer (Figure 4.4,
4.6-4.11).

The intrahelical duplexes have curvatures in the

range of 28° and 45° (Table 4.18).

The three intrahelical

T-s'trand bulge duplexes, Gi, Ai, and Ci have equal
contributions from roll and tilt.

The majority of the roll

and tilt values for the T-strand bulge duplexes fall within
±5° of zero, similar to the decamer (Figure 4.34 a-c) .

In

the A-strand bulge Gi, the major contribution to the bending

Table 4.18

The overall curvature of the helix for both the Decamer,

intrahelical

and extrahelical bulge duplexes.
Duplex*
Decamer

Curvature**
17°

Extrahelical

Intrahelical
36°
33°

T-strand Ai

to
00
o

T-strand Ci
T-strand Gi

A-strand Ci
A-strand Gi

45°
33°

A-strand Tj

Curvature

36°

T-strand
T-strand
T-strand
T-strand
T-strand

Cg

A-strand
A-strand
A-strand
A-strand

Cg
Ggj

Gej

Gg
Agj
A kw

Gen

Tgj

* I is an intrahelical duplex
E is an extrahelical duplex
A ej = the major groove comformation of the unpaired A
A en = the minor groove comformation of the unpaired A
G ej = the major groove comformation of the unpaired G
G en = the minor groove comformation of the unpaired G
** Determined using procedure described by Dickerson et al. 1983

33°
34°
34°
34°
30°
36°
31°
30°
31°
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Figure 4.34 Roll versus tilt for the intrahelical bulge
duplexes.
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is tilt

(Figure 4.34 d-f).

The other two A-strand bulge

duplexes, Cj and Tj, have equal contributions from roll and
tilt as noted for the T-strand bulge duplexes.
In an idealized B-DNA the distance between base pairs
is 3.34 A.

Thus, the distances through two bases would be

close to 6.7 A.

The lack of a base in this position and the

propensity of the bases to stack with each other, results in
a decreased distances across from the unpaired base.

The

rise between bases for the A-strand and T-strand bulge
duplexes are on the order of 5.5 A for the base step across
from the unpaired base.

For all the A-strand bulges,

the

rise from A5 to the unpaired base and from the unpaired base
to A 6 is 3.8 A.
Gi and Ai models.

This is also true for the T-strand bulges
However,

for Cj the distances are less

from A5 to Ci 3.3 A and from A 6 to Ci the distance decreases
to 3.2 A.

Given these distances, then the unpaired

intrahelical proton-proton interations could be seen on the
NMR.

However, the nucleotide to nucleotide interactions

across from the unpaired base would be difficult to see.
This occurs because the interactions which can be detected
by NMR should be 5 A or less because the NMR signal
intensity is greatly dependent on the interproton distances.
Thus, the interactions between the unpaired base with the
two adjacent bases would be stronger signals than the
signals generated from the bases opposite the unpaired base.
It is impossible to determine if all the intrahelical bulge
duplex models are accurate since only the A-strand Gi
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bulge is intrahelical based on NMR data.

The determination

of the conformation occurs because the interactions between
the unpaired G and the adjacent base are seen, and protonproton interactions between the A5 and A 6 are not seen.
If one considers the twist angle for a base pair step
of 36°, then the twist angle for a two base pair step would
be 72°.

The large twist angle seen in the intrahelical

duplexes is not twice the value of any of the other twist
angles within the duplex.

This suggest that the bases

opposite the unpaired base stack closer together and the
twist angle is rotates the bases on the axis to maximize the"
stacking interactions.

The twist angle at the unpaired base

is lower than the noted for idealized B-DNA.

This decrease

in the twist angle for intrahelical duplexes has been noted
in other studies containing unpaired guanosine (Woodson and
Crothers,

1988b) and an unpaired adenosine (Woodson and

Crothers,

1987).

Purines have a greater propensity to stack

than do the pyrimidines.

Stacking interactions are

important for stabilizing the duplex.

Therefore it is not

surprising that the unpaired base will maximize stacking.
The twist angle opposite the unpaired base appears to be
high, because the value is larger than the surrounding twist
angles.

But considering that the twist angle is not larger

than seen in a duplex for one base pair step, and this was
originally a two base step!

This again is the compensation

as the two bases opposite the unpaired base increase the
stacking interactions.
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The interaction of the base with the backbone is
determined by the

A

angle.

Intrahelical bulge duplexes,

both A-strand and T-strand, have large X angle differences.
The T-strand bulges show the largest differences in the

A,

angles for the base pairs adjacent to the bulge, with
A-difference values being 3 to 4 times those seen in the
A-strand bulges.

It is interesting to note that the effect

is largely in the region of the A-tract while the G»C base
pairs have values similar to B-DNA.

Of the T-strand bulge

duplexes the effect of guanosine alters the A-differences
greatly while smaller values are observed for Cj and A j .
However, on the A-strand bulges the Cj is most affected
followed by the Tj then the Gj.

The asymmetry is in the

unpaired Cj and on base pair G8*C13.

Even though the Gi

does not affect the asymmetry at the levels seen in the
T-strand,
G3»C18.

it does affect the base-pairs G1«C20, C2»G19 and
Consequently, an unpaired base on the T-strand

greatly effects the A angles, suggesting that the
intrahelical base imparts more structural defects,
same base on the A-strand.

than the

If the unpaired base on the A-

strand is an unpaired guanosine then the effects of the
unpaired base on the structure has longer range effects than
doe's the pyrimidines.
In each of the T-strand intrahelical duplexes there are
two nucleotides which have an unusual phosphate B n
conformation.

In each case G3*C18 and A7«T14 are the

nucleotides which are unique.

In both cases these base
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pairs are 5' to a junction.

The G 3 aC18 base pair is

the

beginning of the A-tract and the A7«T14 base pair is at the
start of the G*C base pair.
The Bji conformations have been found previously in
solution structures in regions where the helix is undergoing
torsional stress.

This conformation has been noted in an

overwound structure on the nucleotides following the
overwound region (Chou et a l ., 1992; Kim et a l ., 1992).
has been observed in crystal structures
terminal phosphates
Yangai, et a l . 1991).

(Dickerson,

It

primarily at the

1983; Fratini et a l ., 1982;

In the crystal states the packing

forces may be the driving force for this conformation.
There has been one other crystal structure which has
observed the B n conformation.

This was the crystal

strucure of the unpaired adenosine.

The B n conformation

was found to exist again in a location of the backbone which
was undergoing stress, by looping out of one helix and
stacking into an adjacent crystal lattice (Joshua-Tot et
a l ., 1992).

Of all the model presented in this dissertation

the A-strand bulge duplexes none have any B n conformations
all the phosphates are Bj conformation.

Interestingly,

the

A-strand G bulge is the only experimentally determined
intrahelical structure for these duplexes and the NMR data
does not indicate the presence of B n conformations on any
of the phosphates.
It has been proposed that A-tracts have a series of
bifurcated hydrogen bonds (Coll et a l ., 1987; Nelson et a l .,
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1987).
T x + l ( ° 4 )

These are formed between an AX (N6 H) of strand A to
of strand T (Figure 1.3).

The N2H of the unpaired

Gi can also enter into this form of hydrogen bonding with
either T15(04) or T16(04).

There is also the possibility of

hydrogen bonding to the thymines 15 or 16 (02).

Cross

strand hydrogen bonding has been proposed by.van den Hoogen
et a l . (1988) and Woodson and Crothers

(1987b) with duplexes

containing an intrahelical unpaired guanosine.
Heinemann and Alings

(1989) broadened the definition of

the bifurcated hydrogen bonding to imply a three centered
hydrogen bond.

These bifurcated bonds can form if an

acceptor or donor atom is in the same groove but on opposite
strands.

They also proposed the existence of the three

centered hydrogen bonds for the following sequences A-A,
C-C, C-A, and A-C in the major groove.

The requirements for

the existence of any hydrogen bond are as follows: the angle
between bonds should be 90° or greater, and the atoms should
be roughly coplanar (sum of the angles near 360°) .

Hydrogen

bonds are coulombic in nature and therefore it is considered
inappropriate to give a cutoff distance (Heinemann and
Alings,

1989) .

However, an. interaction must occur, and a

legitimate cutoff limit to the distance between the
respective atoms involved in the hydrogen bonding has been
assumed to be on the order of 3.0 A (Nelson et a l ., 1987).
In comparing distances for x-ray crystal structures it as
been proposed by Yanagi et al.

(1991) that propeller

twisting is not necessary for the three centered bond to
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occur.

Table 4.19 has the distances for the intrahelical

distances determined across the unpaired base region to
possible three center bonds.

Based on the distances

determined from the model structures it is possible for the
T-strand Ci bulge to enter into a hydrogen bonding network
as well as the A-strand G i .

The major constraint in each of

these cases is the distances.

There is no possibility for

the Tj on the A-strand or the Ci and the Ai on the T-strand.
This is because the donors and acceptors of the hydrogen
bonding would be on the same strand, thus the distances are
too great.

Evidence from the distances indicates that the

three centered bonds could exist between the T16(02) and
T15(02) to G(N2H).

The distances from G(N2H) to T(04) are

close to 4 A, which are on the long side to be good hydrogen
bonds.

Also, the distances from A5(N 6H) across to the

T17(04) and for A 6 (N6 H) across to T16(04) is on the order of
6.5 A, for all the duplexes except the decamer, which has a
distance of 3 A.

Thus in the decamer the diagonal hydrogen

bond network could exist.
In the decamer the possibility for bifurcated hydrogen
bonds occurs along the A-tract.

It is interesting to note

that the presence of the unpaired intrahelical base does not
alter the bifurcated bonding distances on the two flanking
A»T base pairs.

However the presence of an intrahelcial

unpaired base could disrupt the bifurcated bonding unless
the unpaired base could act as a donor or acceptor across
the region.

Of the unpaired bases only the A-strand Gi and

Table 4.19. The. distances, in A, determined for the atoms which are potential
hydrogen bond acceptors or donors for the intrahelical duplexes.
T-strand
C

G
N1H
A5(N1)

06/N1

9.8

N4H

A

N3/02

N 6H

N1

11.7

9.5

A5(N6H)

6. 8

8.4/7 .2

6.7

A5(N6H e)*

7.5

8 .8 /8 . 0

7.2

A 6 (N6 H)

4.0/4.3

4.5/5 .6

5.5

A 6 (N6 H e)*

4.8/5.0

5.2/6.0

6.0

A 6 (Nl)

9.0

G
N1H

9.5

11.8

06/Nl

N4H

A-strand
C
N3/02

T
04/02

N3H

T 1 5 (04)

4.6

6.1

6.8

T15(02)

3.6

6.3

7.1

T15(N3H)

5.9

2.8

7.4

T16(04)

3.8

6.0

6.9

T16(02)

3.4

7.5

7.3

T16(N3)

2.5

*e is the external nonbonded hydrogen

5.5
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T-strand Cj could form the required hydrogen bonds.

Of

these two the duplex the least perturbation of the helix was
found on the A-strand Gi.

Extrahelical Bulge Models
In the extrahelical duplexes unpaired A and G have the
potential to exist in two orientations, lying in the major
groove or the minor groove. In the major groove the unpaired
base is relatively parallel to the other base-pairs and
perpendicular to the helix axis.

The minor groove conformer

is perpendicular to the base-pairs and parallel to the helix
axis

(Figure 4.19,4.21 and 4.23).

Thus the major groove

will be referred to as a parallel orientation because this
is a similar orientation to the base pairs, and the minor
groove will then be a perpendicular orientation.

The

affects of the extrahelical unpaired base are seen primarily
in the backbone with small deviations on the base p a i r s .
The adjacent base-pairs are stacked and have rise distances
as expected for B-DNA.
The extrahelical duplexes have as much curvature as
that seen in the intrahelical duplexes.

A plot of roll

versus tilt yields information on what conformation
parameter contributes most to the curvature of the duplex
(Figure 4.33a).
4.35a-e)

For the T-strand bulge duplexes

(Figure

containing the Ce, the primary factor in the

curvature is roll with 11 of the 20 base in the roll region,
3 in tilt and 6 in intermediate ranges.

Roll is also the
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Figure 4.35 Roll versus tilt for T-strand extrahelical
bulge duplexes a) C e , b) A e j , c ) G e j , d) A e n and e) G e n

major contributor to the curvature for the two purines; in
the minor groove conformation (Gen and Aen) there are 8 roll
points and 5 tilt points and in the major groove
conformation (Ge j and A e j ) there are 10 roll points and 3
tilt points.

The A-strand bulges also have the majority of

the curvature due to roll

(Figure 4.3 6 a-d).

The Ce has 8

roll and 5 tilt points, while the Te has 11 roll points and
no tilt points.

The G e n extrahelical is similar to the Te

with 11 roll and 6 tilt points.

However, the Gej

extrahelical duplex has an equal number of roll and tilt
points.

In summary, the major factor determining the

curvature for the extrahelical duplexes is the roll, with
the exception of the A-strand Gej which is equally affected
by the tilt.

The tilt points present in the duplexes are

from the bases adjacent to the unpaired base both the 5'
side and the 3' side.

The fact that the tilt, which is

small, is in the region of the unpaired base, suggests that
the adjacent bases are affected by the presence of the
unpaired base.
The increased twist result from the unpaired base
moving into the groove and decreasing the
phosphate-phosphate interactions on the unpaired base.

The

presence of an unpaired nucleotide on the backbone creates a
region where the charges are distributed unusually.

In

order to relieve strain of all the bonds and optimize the
phosphate-phosphate interactions the unpaired base must be
moved out away from the adjacent bases.

The twist angle
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between the bases adjacent to the unpaired base is slightly
higher than B-DNA for all the extrahelical bulges, with the
exception of the T-strand C e and A-strand G ej of the
A-strand.

This implies that the T-strand C e extrahelical

conformation is not rotated out into the groove as far as
that seen in the other duplexes.
A decrease in the rise for base pairs in the
extrahelical duplexes would bring into proximity the atoms
necessary for the hydrogen bonding network which has been
noted in other A-tracts.

The fact that the unpaired base is

extrahelical means the network need not be disrupted and
would run the length of the A-tract.

The distances which

are noted for the extrahelical duplexes all are similar to
the distances for the decamer.

This is not a surprise since

the only apparent disturbance of the helix is at the site
unpaired base and the backbone in the region of the unpaired
base.
Torsion angles for the extrahelical duplexes appear to
be in the range of that seen for idealized DNA.

The ranges

are similar in both the T-strand and A-strand bulge
duplexes.

The angles which demonstrate that the backbone is

in a different conformation are those which describe
dihedral angles around the C 3 '-031 (8 ) and P-031 (£) bonds.
In order for the extrahelical base to exist the model by
Fresco and Alberts

(1960) proposed that a rotation occur at

the 0 3 '-P and P-05' bonds.

Olson et a l . (1985) used more

theoretical considerations and made the same correlation of

196
those two bonds, such that

both of the rotations would

result in the helix axis remaining parallel to the double
helix.

Joshua-Tor et al

(1992) in the crystal structure of

the extrahelical unpaired base component of the
oligonucleotide d(GCGACAATTC-GCA )2 found that the
nucleotides adjacent to the bulge are in an altered
conformation,

resulting in the phosphate obtaining an B jj

conformation (Joshua-Tor et a l ., 1992).
phosphate conformations

There are BII

on the nucleotides adjacent to the

unpaired base in the following duplexes: The C e , A e j , G en and
G ej for the T-strand and the Te of the A-strand (Table 4.16) .’
The phosphate conformation of the phosphates found for the
unpaired bases for the minor grooves are in the B ji
conformation except the G e n -

These changes in the

conformation of the phosphates are noted in other bases
which are not in a normal helical turn, but rather in an
extended backbone conformation (Camerman et al., 1976;
Wilson and Al-mukhtar,

1976).

Thus suggesting that most of

the perturbation due to the unpaired base is in the
modification of the backbone in the region of the unpaired
base.
The extrahelical bulge duplexes can also accommodate
the unpaired base by alteration of the
and Table 3.2).

These

A,

A,

angle (Figure 3.7

angles for the T-strand and

A-strand bulge duplexes have asymmetric angles for most of
the base pairs.

The degree of asymmetry is greater in the

extrahelical A-strand bulge duplexes than the extrahelical
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T-strand Bulge duplexes.

For the unpaired Gen bulge duplex

there are four base pairs with

A

angles which are

significantly asymmetric, G3»C18, A5»T16, C9«G12 and
10G®11C.

Comparing this to the Gej major groove

conformation,

the A6®T15 base pair is asymmetric to a much

lessor degree, but the same bases are affected.

There is

variation in the degree of asymmetry for the extrahelical
bulges, but this leads to the question: what degree of can
be tolerated before a base

pair is recognized for repair?

Kennard (1987) correlated repair rates with symmetrical
A angles shown in Table 3.2.

The most efficiently repaired

mismatch is the G»T, followed by A*C and last is the G*A
base pair.

If the repair enzymes uses conformational

changes in the base-pair as mechanism of recognition,
the change in the
the repair.

A

then

angle could be a signal that triggers

One can envision the DNA polymerase proof .

reading base-pairs by engulfing the base-pair; if it fits
then its correct,
Therefore,

if not then it is labeled for repair.

it is necessary to re-exam whether or not

the angles of the extrahelical base pairs are asymmetrical
or not.

If the least repaired base pair has A-difference

values of 19 then the cutoff could be 19 or less.

Using

this cutoff for asymmetry, most the base pairs in both the
A-strand and T-strand bulge duplexes are symmetrical,
they are well below 19° (Table 4.12 and 13) .

since

The exception

is the A-strand G en which has 3 base pairs at 19 or above
(Table 4.13).

This suggests that an extrahelical base does

198
not disrupt the base-pairing scheme, nor the helix geometry
at the site of insertion, with the exception of the unpaired
guanosine in the major groove conformation on the A-strand.
Structurally the guanosine on the A-strand in the major
groove causes the base pairs
distorted than when

in the duplex to be more

the base is in the minor groove.

This

could be a result of the additional functional group on the
guanine.

For the minor groove conformations the adenosine

has the amino group

(N6 ) out in the groove, while guanosine

has the 06 out away

from the base-pairs and the amino group

(N2) facing into the base-pairs 3 ‘ adjacent to i t .
In comparing the unpaired bases from the intrahelical
and extrahelical motifs the model indicates that both are
possible.

In fact the models indicate that it is possible

to insert an unpaired base into a DNA duplex with little
distortion of the helix and base pairs.

Most of the

accommodation of the intrahelical structures is via roll and
tilt of the base pairs with little effect on the backbone.
The extrahelical bulges are easily accommodated outside the
duplex by extension of the backbone at the site adjacent to
the unpaired base.
at the

X

angles.

The major difference structurally occurs
The intrahelical duplexes on the T-strand

are significantly asymmetrical, while the A-strand
intrahelical and most of the base-pairs in the extrahelical
bulges both T-strand and A-strand are nearly symmetrical as
defined above.
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Conclusion

The models have shown that it is possible to build the
duplexes in b o t h .the intrahelical and extrahelical unpaired
base conformation.

From a gross structural view the helix

in the intrahelical bulge duplexes appears more disrupted
than does the helix more than does the extrahelical
structures.

However, at the level of the parameters both

are equally disrupted.

The parameters most affected by the

intrahelical unpaired base are the relationships of the base
pairs to the helix axis, while the extrahelical were
affected most along the backbone.

It is interesting to note

that both are curved to the same degree.
The models indicate that intrahelical duplexes on the
T-strand disturb the base pairing throughout the duplex.
The intrahelical A-strand pyrimidines

(C and T) contain

perturbations to the helix to a lessor extent than observed
for the T-strand bulges.

Furthermore, the presence of an

intrahelical G on the A-strand has the least perturbation.
This is interesting in light of the fact that of all the
unpaired bases in this series only the G on A-strand was
found to be intrahelical experimentally.
The extrahelical models predict that all unpaired bases
could exist with little perturbation of the helix.

The

structural perturbation occurs primarily on the backbone at
the site of the unpaired base.

For the most part the

structural parameters for the extrahelical bulges are
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similar to the decamer.

Of the extrahelical duplexes the

unpaired base guanosine in the minor groove conformation
has the most structural perturbation.
The NMR data proton-proton distances can be monitored
which are 5 A or less.

To determine if a base is

intrahelical or extrahelical the proton-proton distances
between adjacent base pairs are monitored by NMR.
Consequently,

the NMR data for the oligonucleotide bulges

indicate that the unpaired A, C,and G on the T-strand and
the unpaired T and C on the

A-strand are extrahelical.

The extrahelical duplexes have interactions which are
similar to the decamer.

The data NMR suggests that across

the region of the unpaired base the distances are well
defined by the model

(Table 4.19).

However, the

interactions which could possibly confirm the position of
the unpaired base are not as well defined.

For the T-strand

extrahelciall G bulge the interaction from A6(H1') to G
bulge H 8 suggests that the G is in the major groove.

This

interaction is observed on the NMR and is a distance of
3.8 A in this model.

The NMR data does not show any

proton-proton interactions for the conformation of the G in
the minor groove.

This could imply that the minor groove is

not favored or that the distances from protons to protons
are longer than 5 A.
for the minor
the backbone.

The only distance which is below 5 A

groove is from the G(N2H) to the oxygens on
In the NMR, proton-proton interations are not

observed between the C e nucleotide and adjacent nucleotides

for either the T-stradn or the A-atrand duplexes.

In the

models, the conformation brings into hydrogen bonding
distances C(N4H)

and P(03) of the C19 of the A-strand C e

C(N4H) and P(03)

of G2 in the T-strand C e bulge.

and

The

A-strand T e bulge has the methyl groups which have been
implicated in an

interaction with C19 sugars, this is aweak

interaction, but

lends support to the structure.

The

proton-proton interaction of the bulge T(H 6 ) nucleotide to
the A(Hl') is suggestive of a minor groove conformation.
This distance is 2.3 A in the model and observed as a
proton-proton interaction from the NMR data.
In summary,

these models were not generated with any

NMR constraints or explicit water molecule.

However,some of

the features of the model are confirmed by NMR data. These
structures may also be representative of the solution
structure,

since there is corraborating evidence for some of

the distances with proton-proton interactions from NMR data.
The structure of these models still needs to be refined.
Consequently these structures will be a good starting point
for the additional minimizations using NMR derived distance
constraints.

CHAPTER 5
Proton Exchange Measured with Nuclear Magnetic Resonance
Spectroscopy of an Intrahelical and an Extrahelical Unpaired
G in the Center of an (oligo dA ) • (oligo dT) Tract
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Introduction

The previous two chapters have demonstrated the ability
of DNA to accommodate both unpaired bases and mismatches
without major

disturbances to

the structure.

chapters the mismatch and the unpaired bases are
presumed to be static.

Inthese
models and

However, DNA is not a static

structure, it

is dynamic.

The dynamic character of DNA may

contribute to

the recognition

of DNA by other molecules

(Cheung et a l ., 1984; Leroy et al., 1991; Leroy et a l .,
1992) .

One method for determining local dynamics is to use NMR
spectroscopy to measure the exchange of imino protons that
are involved in hydrogen-bonding of the base pairs .
Exchange rates of base-paired imino protons have been
measured for numerous DNA systems (Gueron et a l ., 1990;
Kochoyan et a l ., 1988; Kochoyan et a l ., 1987; Leroy et a l .,
1988; Leroy et a l ., 1988) and for RNA systems

(Englander and

Kallenbach, 1984; Leroy et al., 1985; Patel et a l ., 1987).
There are several approaches to the study of exchange
lifetimes for imino protons using NMR.

The relaxation time

of the protons is composed of exchange and magnetic
contributions.

These contributions can be separated due to

differences in the activation energies.

The magnetic

component predominates at low temperatures and the exchange
component predominates at high temperature.

There are

several recent references that discuss the theory and
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interpretation of base-pair kinetics

(Gueron et a l ., 1990;

Kochoyan et a l ., 1987; Patel et a l ., 1987)
Much of the early work in the field of proton exchange
overestimated the base-pair lifetimes, and there was much
debate on whether or not the base pair opening was a single
base pair process or a multi-base pair process.

Systematic

studies of oligonucleotides by Gueron et a l . (1990) using
ammonia as a catalyst firmly established the methodology for
the determination of the base-pair lifetimes.

A base-pair

lifetime is defined in this context as the amount of time
that a base pair remains base paired.

This does not imply

that the hydrogen bonding is disrupted, but rather the
exchange is slower, suggesting only that there is less
accessibility to base pairs with longer lifetimes.
Several researchers working in collaboration with
Gueron have proposed that the base-pair lifetimes for A»T
base pairs range from 1 to 10 ms, while G»C base pairs range
from 9 to 40 ms, in random sequences

(Gueron et a l ., 1990;

Kochoyan et al., 1988; Kochoyan et a l ., 1987; Leroy et a l .,
1988; Leroy et al., 1988).

However, anomalously long

lifetimes have been noted for A«T base pairs in an (oligo
dA)• (oligo dT) tract containing four or more A«T base pairs
(Kochoyan et a l ., 1988; Kochoyan et a l ., 1987; Leroy et a l .,
1988; Leroy et a l ., 1988).

These unusually long base-pair

lifetimes prompted the question of whether or not there is a
correlation between lifetimes and structure, since A-tracts
had been proposed to curve and contain bifurcated hydrogen

bonds.

Leroy et a l . (1988), presented evidence linking

oligonucleotides containing A-tracts with unusual gel
mobility to the longer base-pair lifetimes, also noted in
A-tracts.
This study investigates what effect a structural
perturbation,

such as an unpaired base, has on the base-pair

lifetimes in an A®T tract.

Oligonucleotides which were

studied are an A-strand G bulge and a T-strand G bulge shown
below:
dGCGAAGAAGCG
CGCTT-TTCGCd

dGCGAA-AAGCG
CGCTTGTTCGCd

A-strand
intrahelical G

T-strand
extrahelical G

dGCGAAAAGCG
CGCTTTTCGCd
decamer

Scheme 5 .1
Structural studies indicate that the A-strand G bulge is
intrahelical, while the T-strand G bulge is extrahelical
(Maskos and Morden, unpublished data).

The base-pair

lifetimes will be determined by an inversion recovery
experiment.

In this experiment an ammonia catalyst will be

added at increments, such that the base-pair lifetimes can
be determined.

In order to compare the molecules and the

effect of an intrahelical G and an extrahelical G, the base
pair lifetimes will be determined as a function of
temperature, and then converted to activation energies.
decamer, with an (oligo dA)• (oligo dT) tract will also be
investigated as a control.

The
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Theory of Kinetic Exchange

The theory of measuring chemical exchange for imino
protons in oligonucleotides using inversion recovery has
been reported earlier

(Bendel,

1987; Leroy et a l ., 1985) .

The subject has also been reviewed in the literature
et a l ., 1990; Patel et a l ., 1987).

(Gueron

Therefore the discussion

herein will be limited to the necessary information for the
reader to understand the results and discussion that
follows.
The exchange of the base pairing protons in nucleic
acids has been proposed to occur as follows
a l ., 1973; Teitelbaum and Englander,
k
closed

^

°P^
^

(Crothers et

1975a);

v
ktr
open

exchanged

k cl
where kop, kci and ktr are the rate constants for opening a
base pair, closing a base pair and transferring the proton,
respectively.
duplexed DNA,

The closed state represents the base-paired
from which exchange cannot occur.

The open

state is not well defined but is some state from which
exchange occurs.

The closed state is characterized by the

rate constant kci and the open state by kop.

The exchange

step is characterized by the rate constant ktr-

This latter

step can be catalyzed by a proton acceptor or donor
1987; Leroy et a l ., 1985) .

(Bendel,
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Experimentally the exchange can be measured by NMR.
The mechanism as it applies to nucleic acids is shown in
Figure 5.1.

Only the overall process is observed in the NMR

experiment.

Therefore,

in order to follow this process,

label is placed on the protons,

(H*).

by inverting the spin populations.

a

This label is applied

The NMR then monitors

the return of the spin population of the proton,

H*, as it

returns to equilibrium, H, through exchange with the
solvent,

in this case H 2O.

In the NMR experiment the proton

spins are inverted in species A and B (Figure 5.1).
relaxation,

The

or rate at which the spins return to equilibrium

is monitored by the recovery of the inverted resonance of
species D.

The recovery or relaxation rate at which the

spin population returns to equilibrium is a function of time
as follows:
(5.1)
V
where I(t)

is the intensity of the resonance at time, t, Ieq

is the intensity at equilibrium and Tex is the exchange
lifetime of the proton.
opening,

The relationship between base

closing and exchange is shown in Figure 5.2.

The

results of this analysis is:
kppktr[cat]

(5.2)

kcl + ktr[cat]
where kex in Equation 5.2 is the overall exchange rate
constant for the process described in Figure 5.1.

Equation

I

C ‘•"H-G

C --- H-G

C --- H-G

G-H--- C
C --- H-G

G-H--- C

G-H--- C

C --- H-G
G-H--- C

C --- H-G

C --- H-G

C -'•'H-G

T-H--- A
T-H*
A

T-H--- A
T-H
A

T- H --- A

T-H*

T-H

T-H *''A
T-H** *‘A
T-H*''"A

kQU->
kci

A

A

kcl>
<kop

T- H --- A
T - H --- A

T -H--- A
C --- H-G

T-H--- A

T-H--- A

T - H --- A

C --- H-G

C* " ‘H-G

C --- H-G

G-H--- C

G- H --- C

G-H--- C

G- H --- C

C --- H-G

C --- H-G

C --- H-G

C --- H-G

+

+

+

+

[H2 0 ]
A

[H2 0 ]
B

[H20]
C

[H2 0 ]
D

Figure 5.1. Schematic representations of the process for kinetic exchange
of the imino protons in an oligonucleotide duplex.
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5.2 can be simplified by considering two limiting cases,
where kci «

ktr [cat] or

kci »

ktr [cat]

1973; Hilbers, 1979; Teitelbaum and

(Crothers et a l .,

Englander,

1975b).

The

former, kci << ktr [cat] , implies that every time the base
pair opens, an exchange occurs.

This is referred to as the

open-limited state, which then reduces Equation 5.2 to:
(5.3)

kex - kop
In the kci »

ktr [cat] case the base pair opens and closes

many times before an exchange event occurs.

This results in

Equation 5.2 becoming:
(5.4)
This equation defines a pre-equilibrium limit.

From the NMR

experiment Tex is determined, Equation 5.1, and in the open
limited state, Equation 5.3, the Tex is a direct measurement
of l/k0 p.

In contrast, in the pre-equilibrium state defined

in from Equation 5.4, the the T ex measures a more complex
combination of rates.

The Tex is measured in the NMR

experiment as the rate of recovery for the proton, and is
the inverse of the overall exchange rate Tex = l/kex (Figure
5.2) .

Thus a measure of T ex becomes a measure of kCp as

shown in Equation 5.3.

Therefore the rate constants in

Equation 5.2 are related to Tex by the following:

k tr[cat]

(5.5)
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dt

= 0 = kop[A] - kcl [B] - k tr [cat][B]
^

(i)

= 0 = kop [D] - kcl [C] +

(ii!

k tr

[cat] [B]

dt

= - k op[D] + kcl[C]

then from equation ii:
d[D]
dt

= k Cr[cat] [B]

then from equation i :
d[D]
dt

kopk tr[cat]
_ --- —----------[A]
kcl + k tr[cat]

and
d[D]
= kex[A]
dt
therefore:

kex = .

k opk tr t c a t ]

k cl

p : r
+ ktr[cat]

(5.2)

Figure 5.2 The kinetic description for the mechanism shown
in Figure 5.1. This analysis assumes thatB->C has no back
reaction because the H* concentration will be small as
compared to the solvent. The steady state is then
approximated for species B and C. kex is the overall rate
constant for exchange as describe in the text.
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where Top = l/kop.
lifetime.

The Top is defined as the base-pair

Tex will equal T0p when the system is in an

open-limited state (Leroy et a l ., 1988; Leroy et a l ., 1985;
Leroy et a l ., 1988) from Equation 5.2.
At infinite concentration of the catalyst the system
will be in an open limited state.

Based on Equation 5.5,

the Tex is measured as a function of the catalyst
concentration,

[cat].

According to Equation 5.5 a plot of

Tex as a function of [cat] -1 is a straight line.

The

intercept of this plot or extrapolation to infinite catalyst
concentration will yield the base-pair opening lifetime.
Equation 5.4 above is the rate equation and includes the
term for the catalyst.

If this equation is used in this

form then kex could not be determined since the catayst
concentration would asymptotically approach infinity, and
there is no way to determine an inifinte amount of catayst.
However, by using the double reciprocal plot for the l/kex
versus 1 /cat concentration, the intercept of a linear
regression will yield the base pair opening.
equal to Tex.

Where l/kex is

It is important to note that by using the

reciprocal plot the values at the lower concentrations will
be weighted more than those at the higher concentrations.
This does introduce more error, since the objective is to
estimate where the catalyst concentration is infinity
(higher concentration).

The objective in acquiring an

infinit catalyst concentration is to be at the open limited
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state, which in theory occurs at inifinity, however if at
some concentation of the catalyst very near inifinity this
state is achieved it would show up on the graph as a flat
line beginning at the concentration and ending at infinity.
It is impractical to achieve an infinite concentration of
catalyst and at best infinity can only be extrapolated.
Consequently the base pair lifetimes determined by this
method may represent the lower bound of the value rather
than an actual value.
The rate of chemical exchange going from species B—»C
in Figure 5.1 depends on the concentration of the catalyst
and is a function of the pK of the catalyst.

Thus if kR is

the diffusion rate (-lO^O).
_
*tr “

kR [cat]
_ Adk
1 + 1 0 ApK

(5.6)

Where ApK is the difference in the pK of the donor and
acceptor.

The limiting step is the transfer of the proton

from the nucleotide donor.

The base catalyzed transfer is

defined by:
BH + R-H*

R 1 ++ [BH-R-H*] + R 1 —» R-H

R' + BH*

where B refers to the catalyst, R is the nucleotide which is
hydrogen bonded to another base, R ' .
exchanged hydrogen.
acceptor,

The H* is the

If the donor is stronger than the

then ApK > 0, and the proton transfer will occur

at every collision and the exchange process will then be
diffusion limited and the efficiency of the catalyst is

213

dependent on the pKa.

By defining the reaction as a

diffusion controlled process the reaction then becomes
dependent on the concentration of the catalyst and the
temperature.

The rate of exchange, ktr/ will then be

dependent on the catalyst.
By rearranging the equilibrium expression the effective
concentration of the catalyst can be determined from the
known buffer concentration.
[cat] = f -[buf ^ .rl

(5.7)

jl + 10(PKa"PH)j
The pKa is that of the catalyst used for the proton donor or
acceptor, and pH is that of the buffer solution used (Leroy
et a l ., 1985) .
The next step in the process of determining the
base-pair lifetimes is the choice of catalyst.

The catalyst

for the exchange process can be a proton acceptor or donor.
Both of these are present on the nucleotides.
absence of added catalyst

Thus in the

(acc) there is exchange, but it

does not contribute greatly at increased catalyst
concentration.

Catalysts which can be used are phosphate

(pKa = 6 .8 ), imidazole (pKa=6.95), triethanolamine (pKa =7.62),
tris-hydroxymethyl-aminoethane, Tris (pKa=8.08), histidine
(pKa=9.18) and ammonia (pKa=9.25).

Ammonia has a high pK

and therefore requires lower concentrations to elicit a
hydrogen transfer.

This may be an important factor since

high ionic strength may induce conformational changes within
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the duplex.

Therefore, an efficient catalyst requires a

lower concentration to achieve transfer.

Inefficient

catalyst would require large concentrations to bring the
exchange process into a range which NMR spectroscopy can
effectively

measure.

As described above, the open state is some undefined
state from which exchange can occur. The structure of the
open state is not known, nor is the mechanism that gives
rise to the open state.

Yet, the base-pair lifetimes can be

used to characterize the base-pair open state.

The

base-pair lifetime is measured as a function of temperature
to obtain the activation energy for the exchange process.
Two processes will be considered for the "opening" of the
bases.

The term opening is used to describe a process of

going from a state that does not exchange to a state that
does exchange.

First there is the process by which the

opening is via a complete dissociation of the strands
(process I ) .

This is in contrast to the local opening of

only one or two base pairs

(process II) .

The possibility

of both process has been discussed (Gralla et a l ., 1973;
Leroy et al., 1988; Leroy et al., 1988; Gueron et a l .,
1990).

Process I is expected to have a higher activation

energy because it requires the breaking of many hydrogen
bonds and the unstacking of the bases.

The activation

energy determined for d(CA 5 G)®d(CT 5 G) from temperature jump
kinetics,

indicates that for the entire molecule the

activation energy is 188 kJ mol“l (Nelson et al., 1981),
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while 296 kJ mol -1 was found for a 12 base pair
oligonucleotide d (CGAGAATTCGCG)2 containing an unpaired base
(Chu and

Tinoco,

1983).

Both studies of these showed that

the activation energies was a function of the length and
base composition of the oligonucleotide.

This contrasts to

the activation energy for individual base pairs of 3 0 to 65
kJ mol -1 (Kochoyan et a l ., 1987; Leroy et a l ., 1988; Gueron
et a l ., 1990).

The activation energy for the individual

base pairs are attributed to local base-pair opening,
process II for DNA (Early et a l ., 1981; Early et a l ., 1981;
Leroy et a l ., 1988; Gueron et al., 1990) and RNA (Leroy et
a l . , 1985).
In the preceding discussion the chemical exchange is
assumed to be the dominate pathway for the relaxation of the
excited proton to equilibrium.

However, another pathway is

possible, spin-lattice relaxation.

The spin-lattice

relaxation dominates at temperatures well below the melting
temperature.

The signals from the imino protons in DNA

begin to broaden at temperatures which are much lower than
the single strand to double strand transition of DNA.
Therefore, by measuring the Xex at temperatures which are
below the melting transition of the imino protons and
measuring at increasing temperatures until the imino protons
begin to exchange too fast to measure, much of the effect
from spin-lattice relaxation is diminished.
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Materials and Methods

Sample Preparation
The oligonucleotides dGCGAAAAGCG, dGCGAAGAAGCG,
dCGCTTTTCGC,

and dCGCTTGTTCGC were purchased from Midland

Certified Reagent Company (Midland, TX) in purified form.
The purity was confirmed by using an anion-exchange HPLC on
a Zorbax column (Dupont) with an ammonium acetate buffer
(pH7) in 20% ethanol with a gradient from 0.01 to 2.5 M
ammonium acetate over 60 minutes.

The concentrations of the

samples were determined on a Gilford UV spectrophotometer at'
25° C and 260 nm.

The extinction coefficients per mol

strand for each oligonucleotide are as follows: dGCGAAAAGCG,
104 m M "1 cm-1;

dGCGAAGAAGCG,

m M "1 cm"1, and dCGCTTGTTCGC,

116 mM "1 cm'b dCGCTTTTCGC,
91.1 mM "1 cm "1 at 2 98 K.

80.4

The

final concentrations for NMR samples was 1 mM in each single
strand in water containing 0.1 mM EDTA and 0.1 M N a C l .

The

sample was lyophilized and dissolved into 90% H 2O/ 1 0 % D 2O.
The pH of the sample was then adjusted to 8.7.

The final

volume of the sample was 400 jil.
The ammonium buffer (5 M) catalyst was prepared using
NH 4CI and adjusted to pH 8.8 with concentrated (14.8 M)
NH 4O H .

An aliquot of the solution was added to the sample

to achieve a specific catalyst concentration.

The final

concentration was then determined using Equation 5.7
described in the theory section.
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NMR Experiments
Proton spectra were obtained at 400 MHz on a Bruker
AM400 spectrometer equipped with an Aspect 3000 computer,
variable temperature control and an array processor.

The

400 |il samples were contained in a 5 mm outside diameter NMR
tube.

The chemical shifts are relative to internal sodium

3-(trimethylsily) [2,2,3,3- 2H]propionate (TSP) .

The spectral

width was set at 12000 Hz and 16384 data points.

The proton

spectra were obtained using a jump and return sequence for
water suppression (Hore, 1983a; Hore, 1983b) with the water
resonance centered on the carrier frequency using a K/2
pulse of 12 |is (Figure 5.3) that was achieved by using a 4
dB attenuation of the transmitter output.

A null delay of

83.3 H-s was used between the two K/2 pulses used in the jump
and return sequence.

This delay centered the maximum

excitation over the imino region of the spectrum.

The DANTE

(Delays Alternating with Nutations for Tailored Excitation)
sequence was used for selective inversion of the resonances
(Morris and

Freeman, 1978) and applied before the water

suppression sequence.

The DANTE

sequence consists of a

series of n hard pulses with small flip angles separated by
a fixed delay (Figure 5.4).

Thus the sequence used was

[(7U/(2n))y , <)> (7E/(2n))-y , <j>]n where the phase of the two
successive pulses is shifted 180°, y and -y parameters.
This sequence creates a selective inversion described by a
sine function where the distance between nulls is l/( 2 n<|))
and the center of the inversion is 1 /(2 <|)) from the carrier

Jt/2

-y

jc/ 2

-y

Acquire
Recycle
delay

DANTE

Jump and Return

Figure 5.3 Schematic of the pulse sequences used to acquire data for the
exchange of the imino protons,
n in this experiment was 3, DANTE was used to
selectively excite the imino resonances used in conjunction with the jump and
return water suppression pulse.

Center of DANTE pulse

Imino region
-"■I—

15.0

Center Water
T

10.0
PPM

Figure 5.4 NMR spectrum of the Decamer using jump and
return water suppression to determine the center of the
exctiation pulse.
The imino region is labeled as is the
center of the water signal.

frequency (Leroy et a l ., 1988).

In the inversion

experiments n

= 3

and <|> was dependent on the resonances

which were to

be inverted. An example of the process

follows: with

the

carrier frequency set on water at 5ppm,

the center of

the

inversion will be at 13.6 ppm which is a

difference 8 . 6 ppm or 3440 Hz.
143 (Lis (Figure 5.4) .
2.87 ppm.

Thus the DANTE delay is

The width of the excitation is

However, the width of the imino region is 4 ppm.

Numerous values for n were tried and each affected the band
width, but none would expand the excitation band to
encompass all of the imino protons.

Thus it was not

possible to excite the entire imino region with one delay.
Therefore, two sets of experiments were conducted; one
inverting the region of the thymine imino protons and the
other inverting the region of the guanosine imino protons.
The placement of the center of the pulse was determined to
ensure even excitation over the region of the specific
protons.

In each case the center was placed as close as

possible to the furthest upfield resonance.

This was done

because when the center was placed elsewhere the inversion
of the resonances were not symmetric.

This may be an

instrumental artifact of the AM400.
The recycle delay between selective excitations was
2.0 s.

This should be on the order of 3 to 5 times the

relaxation delay of the resonances of interest.

The imino

resonance relaxation was expected be to between 3 00 and
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500 ms.

A line-broadening of 5 Hz was applied to the data

before Fourier transformations were performed.

Exchange Lifetime Measurements
Measurements of the exchange lifetimes were
accomplished by determining the recovery time for each
resonance over a variable recycling delay range.

The

shortest delay was determined to represent a null, which on
the NMR instrument was 0.5 ms.

The longest recycle delay

were determined to be at least 3 to 4 times longer than the
relaxation time of the imino protons in nuclei acids which
is approximately 300 to 400 ms.

This would be the

"infinite" delay and was set at 1500 ms.

The intensity of

each resonance over various delays and Equation 5.1 was used
to determine the Tex.

The Tex was then determined for each

of the resonances as a function of temperature ranging from
268 K to 286 K at 3 K intervals.

This was repeated for each

resonance and each temperature after the addition of the
ammonia catalyst.

For each of the resonances the inverse of

the effective ammonia concentration was plotted against the
Tex.

The opening base pair lifetime is determined for each

resonance by extrapolating to an infinite NH 3 concentration,
from Equation 5.5.

The activation energy is then determined

from the Arrhenius equation:

(5.8)
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where k is the rate constant and A is the pre-exponential
factor, Ea is the activation energy, R is the gas constant
and T is the temperature in K.

Equation 5.8 can be related

to Tex since 'Eex=l/kex from theory section then:

(5.9)
Thus by plotting the -ln(Tex) as a function of 1/T, the slope
is -Ea/R.
The error analysis was performed on each of the
calculations as follows.

The error on the relaxation delay

was determined by using the standard deviation of the
relaxation.

These were determined by repeating the

caculation with different base line corrections on the
spectra when only one experiment was performed at a given
ammonia concentration or temperature.

The standard

deviations were also used when more than one experiment was
conducted for the same conditions.

This error was

propagated through the linear regression of the base pair
lifetimes using the method of Bevington (1969).

The

determination of the activation energies uses the slope of a
linear regression, therefore the error was calculated
graphically.

This was done using by plotting both the upper

and lower bounds of the opening base lifetime and
determining the slope of each.
difference of the slopes.

The error is then 1/2 the
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Results

The three duplexes which were investigated are the
decamer, the A-strand G bulge duplex and the T-strand bulge
G duplex (Scheme 5.1).

Previous NMR data indicate that the

A-strand G bulge is intrahelical and the T-strand G bulge is
extrahelical

(Maskos and Morden unpublished data).

Therefore the unpaired duplexes will be designated A-strand
intrahelical G and T-strand extrahelical G.

The imino

region of the spectrum, at 283 K for each of the three
duplexes without ammonia is shown in Figure 5.5.

The

assignments were made by one dimensional nuclear Overhauser
effect

(NOE)

(Maskos and Morden, unpublished d ata).

mentioned previously,

As

the guanosine and thymine imino

resonances are well separated from each other.

There is

excellent resolution of the thymine-imino resonances of the
decamer.

The guanosine resonances G12/G19 and G8/G3

resonances are in similar environments.

In all of the

duplexes the G1 and G10 resonances which are very broad and
overlap with other guanosine-imino resonances.

The presence

of the unpaired guanosine in the duplexes results in
destabilization and thus broadening of the resonances, with
T15' and T16 being the broadest in both the A-strand
intrahelical G and T-strand extrahelical G.

The recovery time of the individual resonances was
measured by using an inversion-recovery experiment.

An

example of the inversion of the imino resonances for the
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PP*
Figure 5.5 The NMR spectra of the imino region of the
T-strand extrahelical G bulge, the A-strand intrahelical G
bulge and the decamer duplexes used at 283 K and pH 8.75.
The resonances of the imino protons are labeled.

decamer is shown in Figure 5.6.

The arrows denote the

location of the center of the inversion pulse.

The delay

times for the inversion recovery experiment range between 5
ms to 1000 ms.

From this type of data the peak intensities

were used to determine the relaxation lifetimes for the
resonances by fitting to Equation 5.1.

An example of the

data for the lifetime determination using thymine-imino from
base pair 7 of the decamer in Figure 5.7.

The effect on the

spectrum of increasing ammonia concentration is demonstrated
for the decamer is shown in Figure 5.8.

In this example,

all the resonances broaden with increasing ammonia.

After

the addition of 67 mM ammonia, all the resonances are
decreased relative to the zero ammonia concentrations.
Resonances G12 and G19 disappear at higher ammonia
concentrations, these are the penultimate bases.

This same

trend is seen in the A-strand G bulge and T-strand G bulge
duplex.

In both of these duplexes the thymine resonances

disappear at low ammonia concentrations.

For the A-strand

intrahelical G bulge duplex most of the resonances are no
longer measurable at the effective concentration of 17 mM
ammonia, while for the T-strand extrahelical G bulge duplex
this occurs at an effective concentration of 12 mM ammonia.
The exchange lifetime for the T14 imino proton of the
decamer at 271 K, is shown in Figure 5.9a, as a function of
the reciprocal ammonia concentration.

At low catalyst

concentration the dominate process of exchange is between
the nucleotide acceptors and donors, and is not related to
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Figure 5.6 The inversion recovery experiment for the
thymine and guanosine imino protons of the decamer at
283 K and pH 8.75, with zero NH 3 concentration.
The
arrows denote the center of the excitation pulse.
The
recycle delay is from 5 ms to 1000 ms for both regions
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Figure 5.7 Inversion recovery experiment
used to determine the exchange lifetime for
A7»T14 of the decamer at 283 K.
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Figure 5.8 The effect of the NH 3 on the imino resonances of
the Decamer at 283 K and pH 8.75. The concentration of the
NH3 is the effective concentration calculated from
Equation 5.7.
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Figure 5.9
Linear regression determined for the inverse
of the ammonia concentration as a function of the exchange
lifetime resonance T14 of the decamer at 271.
a) all the ammonia concentration
b) the inset from a above showing only the linear
portion of the plot approaching infinite ammonia
concentration.
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the base-pair lifetimes (Gueron et a l .,
al., 1987; Leroy et

a l .,1985; Moe and

1990; Kochoyan et
Russu,

1990)

Therefore, T0p is determined by extrapolating 1 /[NH 3 ] to
zero (Figure 5.9b),

where the exchange is dominated by the

catalyst

a l .,1990; Leroy et

Russu,

(Gueron et

1990) .

al., 1985; Moe and

A linear least-squares fit routine was used

to determine the y-intercept
opening lifetime)

(defined as the base-pair

from the exchange lifetimes at high

ammonia concentrations.

Base pair lifetimes are defined as

the amount of time that a base pair remains closed.

Thus a

larger value indicates that the base pair is exchanging
slower and vice versa.
The base-pair lifetimes for the duplexes, determined as
a function of temperature, are listed in Table 5.1 for the
decamer,

in Table 5.2 for the A-strand G bulge and in Table

5.3 for the T-strand G bulge.

All the duplexes have

terminal base-pair lifetimes that are too short to measure
due to rapid exchange with the solvent.

The values of

base-pair lifetimes can be used to determine the activation
energy using an Arrhenius plot, -In Top (base-pair lifetime)
versus inverse temperature.

The Arrhenius plots for the

decamer are shown in Figure 5.10, 5.11, 5.12 and 5.13;
A-strand intrahelical G are shown in Figures 5.14, 5.15 and
5.16; T-strand extrahelical G are shown in Figures 5.17 and
5.18.

The activation energies for the duplexes determined

from these plots are summarized in Table 5.4.

Table 5.1. Base-pair lifetimes as a function of temperature (K) for the decamer.
Lifetimes reported in msec.

__________________________Temperature
Sequence

271

Kelvin__________________________________

274

277

280

283

286

18 ±4

15 ±4

12

±4

9 ±3

8 ±2

G1»C20
±3

C2.G19

22

G3*C18

29 ±2

20

±3

15 ±3

11 ±2

8 ±2

6 +2

A4*T17

61 ±3

46 ±2

39 ±2

29 ±4

17 ±3

14 ±2

A5 *T16

108 ±3

85 ±2

53 ±3

39 ±5

23 ±2

14 ±2

A6»T15

103 ±2

77 ±3

63 ±4

38 ±6

19 ±3

13 ±3

A7.T14

100 ±2

69 ±3

57 ±2

41 ±2

30 ±3

12 ±2

G8*C13

29 ±3

±4

16 ±2

12

+3

9 ±2

8 ±2

C9 »G12

22

18 ±3

15 ±3

12

±5

9 ±3

7 ±2

±4

20

G10•Cll
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Table 5.2. Base-pair lifetimes for the A-strand Intrahelical G bulge duplex as a
•function of the temperature (K). Lifetimes reported in msec.

'________________________ Temperature Kelvin__________________________________
268

271

274

277

C2«G19

22 ±4

20 ±4

17 ±4

15 ±4

9 ±4

7 ±4

7 ±3

G3 *C18

39 ±4

31 ±5

28 ±4

22 ±4

20 ±4

9 ±4

7 ±3

A4 »T17

29 ±4

24 ±4

15 ±4

11 ±4

±4

4 ±3

A5 »T16

9 ±4

5 ±3

3 ±3

A 6 »T15

17 ±4

15 ±5

A7 *T14

30 ±3

24 ±4

G8»C413

39 ±4

C9 »G12

22 ±4

Sequence

280

283

286

Gl»C20

a

8

±3

6

a

a

a

±4

3 ±2

a

a

16 ±4

10 ±5

7 ±3

4 ±3

3 ±2

31 ±5

26 ±4

20 ±5

17 ±4

8

±4

7 ±3

20 ±5

17 ±4

15 ±4

9 ±4

8

±4

7 ±3

G
8

±4

6

G10 »C11

a Exchange rate was too fast after the addition of catalyst to be determined
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Table 5.3. Base-pair lifetimes for the T-strand extrahelical G bulge duplex as a
•function of temperature (K). Lifetimes reported in ms.
Temperature

Kelvin

274

277

268

271

C2 »G19

15 ±3

12 ±2

9 ±2

8 ±2

G3«C18

25 ±2

20 ±3

14 ±3

10 ±3

Sequence

280

283

286

G1-C20

A4*T17

5 ±3C

4 ±3C

A5 »T16

a

a

5 ±4C

4 ±3C

7 ±2

5 ±2

b

±3

6 ±2

b

8

b

b

b

a

a

a

a

a

a

±lc

b

b

a

a

1 ±1

G
A6*T15

1

A7 »T14

19 ±2

11 ±2

9 ±2

7 ±3

4 ±2

2 ±3

a

G8»C13

25 ±3

21 ±3

14 ±2

10 ±2

8 ±2

6 ±2

b

C9 *G12

15 ±2

12 ±2

9 ±3

±3

7 ±3

5 ±3

b

8

G10«C11
a Exchange is fast without catalyst therefore no measurements were conducted,
b Exchange is fast after the addition of catalyst.
c T17 and T15 are degenerate and only one lifetime can be determined.

234

d)
6

•H

1 2 3 4 5 6 7 8 9
10
dG--C--G--A--A--A— A--G--C— G
C — G — C — T — T — T — T — C — G--Cd
20 19 18 17 16 15 14 13 12 11
-

1

■

-U
0)
■h -0.5-

C2-G19 and C9-G12
Ea= 47 KJ/mol

s-t

•H
(0
Oj
I
<D
cn
(O

3.4

3.5

3.6

3.7

3.8

1/TEMPERATURE K (1000)

•H
■h -0.5-

G3 »C18
Ea= 68 KJ/mol

-H

3.5

3.6

3.7

3.8

1/TEMPERATURE K (1000)

Figure 5.10
Arrhenius plots used to determine th<
activation energy for the imino protons
of the guanosines on the Decamer.
a) C2*G19 and C9-G12 b)G3*C18
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Figure 5.11
Arrhenius plots used to determine the
activation energy for the imino protons of the thymines
on the Decamer. a) A4»T17 b) A5«T16
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Figure 5.12
Arrhenius plots used to determine the
activation energy for the imino protons of the
guanosines on the Decamer for base pairs
a) A6*T15 and b)A7«T14.
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Figure 5.13 Arrhenius plots used to determine the
activation energy for the imino protons of the
guanosines on the Decamer for base pairs G8«C13.
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Figure 5.14 Arrhenius plots used to determine the
activation energy for the imino protons of the
guanosines on the A-strand intrahelical G.
a) C2-G19 and C9*G12 b) G3«C18 and G8*C13
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Figure 5.15
Arrhenius plots used to determine the
activation energy for the imino protons of the thymine
on the A-strand intrahelical G. a)A4»T17 base pair
b) A6»T15 base pair
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Figure 5.16 Arrhenius plots used to determine the
activation energy for the imino protons of the thymine
of the A-strand intrahelical G for A7«T14.
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guanosine of the T-strand intrahelical G
a) C2«G19 and C9*G12 b) G3«C18 and G8*C13
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Figure 5.18 Arrhenius plots used to determine the
activation energy for the imino protons of the thymine
of the T-strand extrahelical G for base pair A7»T14

Table 5.4. Activation energy for the decamer and the two
unpaired guanosine duplexes, determined from the
base-pair lifetimes and reported in KJ/mol.
Decamer

A-strand
G

T-strand
G

C20 »G1
G19 «C2

47 ±4

46 ±5

44 ±6

C18«G3

68

±4

63 ±6

58 ±6

T17 »A4

83 ±3

73 ±8

a

T16 *A5

86

±4

unpaired base

ab
intrahelical

extrahelical

G

G

T15 *A6

90 ±4

88

±9

T14*A7

81 ±3

87 ±9

88 ±8

C13 *G8

55 ±4

63 ±4

58 ±6

G12-C9

47 ±3

46 ±5

44 ±6

a

Cll«G10

a Base-pair lifetimes could not be determined at a
sufficient number of temperatures
Base-pair lifetimes were not measurable at any
temperature
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Discussion

DNA is not static as depicted in the previous chapters,
but rather it is-dynamic.

The dynamic process of

oligonucleotides can be probed by measuring the base-pair
lifetimes as a function of the ammonia concentration and
temperature.

NMR spectroscopy experiments are an excellent

technique for accessing the dynamics from each base pair.
The major advantage in using NMR is that the imino protons
of the individual bases can be assigned and followed
throughout the experiments.
duplexes studied,

the imino resonances are well separated

from the other resonances.
with this technique.
exchangeable,

For the three oligonucleotide

However, there are disadvantages

First, the imino protons are

and experiments must be carried out in water

for the protons to be observable.

The solvent has 110 M

protons compared to the sample with 1 mM protons.

Thus the

signal from the solvent will swamp the signal for the sample
unless,

the solvent signal is suppressed.

This can be

accomplished by the use of special pulse sequences,
jump and return

(Hore, 1983a; Hore, 1983b).

such as

The second

problem occurs as the oligonucleotide duplex approaches its
melting temperature.

As a molecule approaches the melting

point the equilibrium shifts from the double strand to the
single strand and the exchange with the solvent increases
and eventually becomes very rapid.

With an increase in the

exchange there is a concomitant broadening of the resonance
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until the resonances are too broad to distinguish from the
noise.

For the imino protons this melting usually occurs at

-10° to 15° below the Tm of the duplex.

Melting defines the

upper limit of the temperature available for the experiment,
while freezing of the sample defines.the lower limit.

Thus

for the decamer the range measured is 271 to 286 K (Table
5.1).

At all temperatures the lifetimes were measurable for

the resonances.

Exchange lifetimes for the A-strand

intrahelical G were measured for temperatures 268 K to 286 K
(Table 5.2).

For the T-strand extrahelical G the range was

from 268 K to 283 K (Table 5.3).

In both the bulge duplexes'

the acquisition of data for the resonances of the A*T base
pairs was difficult, due to rapid exchange with the solvent.
A problem more directly connected to the duplexes under
study is how to interpret data for individual protons from
resonances which are overlappped.

In these experiments the

overlapped resonances were deconvolved using a program
developed for this purpose by Piotr Maskos in our laboratory
(Appendix B ) .

The decamer resonances at all temperatures

were well resolved.

There is overlap of the T17 and the T15

imino resonances in the A-strand intrahelical G bulge at
268 K and 271 K.

However, the exchange lifetimes were

successfully deconvolved and are in Table 5.2.

For the

T-strand extrahelical G bulge there was significant overlap
of T17 and T15 imino resonances at all temperatures.

These

exchange lifetimes were not able to be deconvolved as the
relaxation rates were too similar.

As a result, one
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lifetime was determined and reported (Table 5.3)
resonances.

for both

The T16 resonance was exchanging very fast

without any catalyst present and at all temperatures the
resonances was too broad to measure.
An interesting process was noted during the analysis of
the data for the exchange lifetimes.
Figure 5.9a.

This is shown in

At the lower concentrations of the catalyst

the exchange lifetime was independent of the catalyst
concentration.

The system under investigation is diffusion

controlled therefore dependent on the number of collisions
which occur.

At low concentrations of the added catalyst

the catalyst does not effectively compete with the acceptors
and donors from the adjacent bases that can act as a
catalyst for the base opening process
1988) .

(Kochoyan et al,

Therefore the exchange lifetime at low ammonia

concentration is due to intrinsic DNA catalysis
5.9a)

(Figure

At the point where the added catalyst begins to

dominate the exchange process the plot turns over.

Data

from Moe et a l . (1990) indicated that they too had notice
this process and were not sure how it should be intrepreted.
The evidence from the experiments conducted here suggest
this process is not related to the base pairs.
could be related, to the adjacent base pairs.

However it
In order to

determine this an investigation of several sequences would
need to be conducted.
The base-pair lifetimes for each base pair of the
decamer from 271 K to 286 K

are given in Table 5.1.

As

expected,

when the temperature increases the base-pair

lifetimes

decrease.

For the decamer and the A-strand

intrahelical G duplex,

the G»C base pairs have lifetimes

that are within or close to the range observed by Gueron et
a l . (1990) at 288 K (10 to 40 ms).

At 271 K the decamer

shows the anomalously long lifetimes associated with
A-tracts of four or more A«T base pairs.

As the temperature

increases all the base pair lifetimes decrease, and the
affect of

the A-tract is less distinguishable.

base pair

lifetimes are 12 to 14 ms and G*C base pairs

to 8 m s .

At 286

K
are5

A similar trend in the A-tracts was noted for a

series of oligonucleotides studied by Gueron et al

(1990) .

At low temperature the A-tracts had anomalously long
lifetimes and the higher temperatures

(288 K) the lifetimes

were all in the range, between 1 and 7 ms, seen for the .
isolated A®T base pairs
al., 1987).

(Gueron et al., 1990; Kochoyan et

In contrast the A®T base pairs in duplexes

containing an unpaired base in the center of the A-tract
display shorter lifetimes.

The A-strand intrahelical G, has

lifetimes for base pairs adjacent to the unpaired base,
A5®T16 and A6®T15, that are characteristic of isolated A®T
base pairs

(Table 5.2).

The A®T base pairs two base pairs

away from the unpaired G, A4®T17 and A7®T14, have lifetimes
that are longer, but not as long as seen in the decamer.
the T-strand extrahelical G all the A®T base pairs have
shorter base-pair lifetimes (Table 5.3).

One of the base

pairs, A5®T16, adjacent to the unpaired base has an

In

A«T
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extremely short lifetime and thus was not determined.

The

other base pair adjacent to the unpaired base, A6»T15, has a
short, but measurable lifetime, at temperatures below 274 K.
Base pair exchange rates increase with increasing
temperature,

this occurs because DNA goes from the double

strand to the single strand and the base pairing falls apart
(Tm is 50% double strand and 50% single strand).

The imino

protons are now more exposed to the solvent and therefore
exchange very rapidly.

Thus, the base pair lifetimes can be

influenced by the transition from the single to double
strand states of DNA.

Perhaps then the difference in the

lifetimes between the G bulge duplexes is due to a
difference in the duplex stabilities.

The T-strand

extrahelical G duplex is only slightly less stable than the
A-strand intrahelical G duplex.

The Tm at 100 iriM strand

concentration for the A-strand intrahelical G is 317.5 K,
for T-strand extrahelical G is 315.6 K and for the decamer
is 333.7 K (LeBlanc and

Morden, 1991).

This is reflected

in the A-tract where all the A®T base-pair lifetimes are
shorter for both the A-strand intrahelical G bulge and
T-strand extrahelical G bulge, compared to the decamer.

The

T-strand extrahelical G has some base-pair lifetimes that
are not measurable.

The lifetimes for the G*C base pairs

are shorter in the T-strand as compared to the A-strand
intrahelical G bulge but not significantly.

Perhaps, a

method to remove the effect of the differing stabilities is
to compare activation energies of base-pair opening.

These
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can be determined from the temperature dependence of the
base-pair lifetimes and are given in Table 5.4
The G«C base pairs in the A-strand intrahelical G
bulge, T-strand extrahelical G bugle and the decamer all
have similar activation energies.

Activation energies for

the three duplexes indicate that for the G*C base pairs the
opening occurs one base pair at a time (Kochoyan et a l .,
1988; Leroy et a l ., 1988; Leroy et a l ., 1988).

For a single

base opening event the activation energy is in the range of
3 0 to 65 kJ mol -1 (Gueron et a l ., 1990; Kochoyan et a l .,
1988; Leroy et a l ., 1988; Leroy et a l ., 1988).

However,

activation energies for the A»T base pairs in the decamer
are greater than expected for single base-pair opening.

For

the oligonucleotide d (GGAAATTTCC) the activation energies of
the underlined A«T base pairs were determined to be 75 kJ
m o l -1 and 100 kJ mol -1 (Leroy et a l ., 1988) .

This larger

activation energy was noted in other sequences with long
A-tracts

(Kochoyan et a l ., 1988).

Research by Leroy et a l .

(1988b) concluded that the A-tract acts as a cooperative
unit with a structure which deviates from B-DNA.
The activation energy is defined as the amount of
energy needed to open the base pair.
not well defined.

The actual process is

Therefore the process which opens the

base pair could be composed of factors which act to stablize
the base pairing or duplex formation.

The major factor in

DNA formation is the propensity of the bases to stack.
stacked bases are in a low energy state and thus would

The
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require the energy to disrupt the stacks.
the formation of hydrogen bonds.

Another factor is

Thus considering these two

factors the increased activation energy can be explained.
A-tracts have been proposed to have a network of
hydrogen bonds
et a l ., 1988).

(Coll et a l ., 1987; Nelson et a l ., 1987; Yoon
The disruption of the bifurcated hydrogen

bond would affect the adjacent base pair and as such would
require additional energy.

The decamer has an A-tract which

has been shown to have an increased activation energy when
compared to other sequences.

However, an unpaired base in

the center of this A-tract would be expected to create a
disruption of the bifurcated hydrogen bond network and
decrease the stacking effects of A-tracts.

This would,

in

effect, decrease the activation energies to the order of a
random sequence of A®T and G»C base pairs.

However, this is

not seen in the intrahelical G or extrahelical G bulges.
The T17 ®A4, T15*A6 and T14»A7 base pairs in the A-strand
intrahelical G bulge have comparable activation energies to
the decamer.

As does the sole A»T base pair, T14»A7,

the extrahelical G.

for

Suggesting the network of

hydrogen-bonds is not disrupted by the presence of the
intrahelical or extrahelical G.

The extrahelical G can be

envisioned as not disrupting the network of hydrogen bonds
since the unpaired base is not stacked within the helix.
Uniquely, the possibility exist that the intrahelical G
could hydrogen-bond with the adjacent thymines and thus
enter into the hydrogen-bonding network.

This has been
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demonstrated by the modeling studies of the intrahelical G
(see chapter 4 Figure 4.8d), which shows that the unpaired G
can form hydrogen bonds across to the thymines.
The other factor which affects the activation energies
is stacking.

The purine-purine stack is a lower energy

state for the bases and disrution of the stacks would affect
activation energy.

Therefore,

the larger activation

energies for the A-tract could be due to stabilization from
the purine-purine stacking.

The decamer has an extended

purine-purine stack (G3 through G 8 ) .

The A-strand

intrahelical G bulge, also has an extended region of
purine-purine stacks, and thus the similar activation
energies.

With only one activation energy for T-strand

extrahelical G, the effect of the extrahelical unpaired base
is not easy to determine.

However,

this sole value is again

similar to that seen for A*T base pairs in A-tracts
suggesting that the purine-purine stacks may be a factor in
the activation energies in addition to the hydrogen bonding
network.
Additional evidence for the effect of the stacking is
present in literature reports of a series of
oligonucleotides studied by numerous researchers

(Gueron et

a l ., 1990; Kochoyan et a l ., 1988; Kochoyan et a l ., 1987;
Leroy et a l ., 1988; Leroy et a l ., 1988).
base pair lifetimes reported (Figure 5.19)

In the literature
for a series of

duplexes with A-tracts indicate there is a decrease in the
first A«T base-pair of the A-tract

(Gueron et a l ., 1990;
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Figure 5.19 The comparsion of the decamer with a
sequence from Leroy et a l . (1988). O is the decamer
•sequence at 286 K; □ is the Leroy sequence at 288 K.

Kochoyan et a l ., 1988; Kochoyan et a l ., 1987; Leroy et a l .,
1988; Leroy et a l ., 1988).

The base pair lifetimes in this

series of duplexes then increase through the region of the
A«T base pairs up to the anomalously long lifetimes in four
or more adjacent A»T base pairs

(Gueron et a l ., 1990) .

All

of these oligonucleotides are of the d(CGCAnGCG) sequence.
Oligonucleotides of the sequence d(GGAnTnCC) studied do not
have the initial decrease (Gueron et a l ., 1990) .

The first

A*T base pair in the duplexes from the series d(CGCAnGCG)
has a lower lifetime.

This may be the result of a

pyrimidine on the 5' side of the purine stack and the
pyrimidine does not contribute to either the
hydrogen-bonding network or the stacking interactions.

This

is suggested from the other series of oligonucleotides of
the sequence d(GGAnTnCC) which has a purine in the 5'
position which could interact with the first adenosine and
contribute to both the hydrogen bonding network and the
stacking.

In the decamer and the bulge duplexes the

decrease in first A»T base pair of the A-tract is not
observed.

In the decamer as well as in the other bulge

duplexes there is a guanosine 5' to the first adenosine in
the A-tract which can act as a member of the A-tract by both
stacking and hydrogen bonding.
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Conclusions

The A*T base pairs have anomalously long base-pair
lifetimes at 271 K and are comparable to those of other
duplexes containing A«T tracts of four or more A»T base
pairs.

The base pair lifetimes decrease as the temperature

increases and the effect of the A-tract is not as obvious.
In the A-strand intrahelical G bulge duplex,

the A«T base

pairs adjacent to the unpaired G have base-pair lifetimes
characteristic of A»T base pairs in a random sequence, while
the A«T base pairs two base pairs away are longer, yet not
on the order of the A-tract lifetimes in the decamer.

Thus

the intrahelical G bulge affects the base pairs which are
adjacent to the unpaired base only.

For the T-strand

extrahelical G bulge all of the A*T base-pair lifetimes are
much shorter than those of the decamer and to a lesser
extent,

shorter than those in the A-strand intrahelical G

bulge duplex.

The extrahelical G on the T-strand appears to

have a more extensive effect on the adjacent base pairs and
those two base pairs away.
Activation energies for base-pair opening in the
A-tract of the decamer reflect the contribution from the
hydrogen-bonding network or the extended purine-purine
stacks.

The activation energy is greater than for a single

base pair opening process, this energy is indicative of a
cooperative action in the region of the A»T base pair.
cooperativity could be associated with the additional

This

hydrogen bonding (bifurcation) network or could also be the
manifestation of the increased stacking interactions gained
by having the purine-purine stacks extended.

The activation

energies for the G»C base pairs are on the order of the
energy for "opening" one base pair.

Therefore in the

decamer the G»C base pairs have a localized base pair
exchange.

These contributions are not affected by the

presence of the intrahelical G bulge on the A-strand.

The

effect of the extrahelical G bulge cannot be assessed due to
difficulties in determining activation energies.

CHAPTER 6
Conclusion and Future Work
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Conclusion

DNA has much structural diversity which has been
associated with the base sequence.

Many sequence-dependent

variations in DNA are manifested in small changes in the
structure of the helical parameters.

The effect of the

sequence can be seen in poly d(A)«d(T).

The characteristics

are summarized in Chapter 1 page 8, and includes: higher
melting temperatures

(Wilson et a l . 1987), increased spine

of hydration (Marky and Macgregor, 1990) exclusion from
nucleosome assemblies

(Rhodes, 1979), demonstrates a slower

migration during gel electrophoresis (Hagerman, 1984), has
high propeller twisting and a narrowing of the minor groove
(Dickerson et a l .

1982; Katahira et a l . 1989) .

These

characteristics have been been proposed to be a result of
the DNA being curved.

Oligonucleotides containing a run of

four or more A»T base pairs (A-tracts) have similar
characteristics to this polymeric DNA.
Theunique structural characteristics
specific

associated

with a

sequence may be a method of recognition for

drug/protein interactions.

One method of location for a

specific sequence is the change in dynamics.

As shown by

Moe and Russu (1990), Leroy et a l . (1988) and Chapter 5 of
this dissertation the presence of an A-tract in DNA alters
the dynamic kinetics of base pair
The

opening.

presence of four or more A»T base pairs have been

demonstrated to exist in mammalian centromeres (Singer,
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1982).

Radic et al.

(1987) showed that the process for cell

division is halted when the DNA has drugs which
preferentially bind in regions of A«T rich sequences.
Distamycin is a drug which binds to A»T rich regions in the
minor groove.

When distamycin is bound it acts to stiffen

the DNA and stablize the B-form DNA (Barcelo et a l . 1991;
Boehncke et a l . 1991).
A-tract results
1987).

Binding of the distamycin to DNA at

in DNA which is no longer bent (Coll et a l .

The crystal structure analysis indicates that the

DNA with no drug bound has a bend of 17° (Boehncke et a l .
1991) and after

binding the crystal structure has a

curvature of 3°

(Coll et al. 1987).Distamycin has been

shown to stop cell division (Radic et a l . 1983), thus
suggesting that the recognition for the centromeres is no
longer present and bending of the A-tracts may be an
important element of the recognition.
A study by Hubner et al. (1989) indicated that bent DNA
may also be important in bacteriophage recombinational
activity.

The binding of the initiator protein to DNA

causes the region where the protein is bound to bend.

Again

suggesting that the presence of bent DNA is a possible
recognition for proteins in DNA.
The presence of the A-tracts in the decamer is an
interesting factor as discussed above, but the presence of
an unpaired base also has some biological relevance.

As

mentioned in Chapter 1 in the Introduction, the unpaired
base strucurally is interesting since it is proposed to be
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the intermediate in a frameshift model.

However, the

appearence of a bulge as a recognition site in the
transactivator response element for the transactivator
protein in human immunodeficiency virus (Michel et a l . 1987)
and has put the study of the bulged base in a different
forum.

The presence of a three base bulge has also been

shown to exist in genetic carriers of the cystic fibrosis
gene (AAG bulge and CTT bulge)

(Wang and Griffth, 1991).

The presence of a bulge base causes the DNA to kink
(Hsieh and Griffith, 1989).

Riordan et a l . (1992) suggested

that the degree of kinking apppears to be directly related
to the type of unpaired base, with the pyrimidines causing a
greater kink than the purines.

They go futher to suggest

that the kinking of the RNA at the site of the bulge is the
recognition site for the protein to bind.
(1991)

Wang and Griffith

in contrast reported that in DNA the purines had a

reduced gel electrophoretic mobility as compared to
pyrmidines.

The models of the bulge containing

oligonucleotides presented in this disseration all have a
curved structure and all curve about the same extent.
However, the degree of bending is much greater than that
seen in the decamer.

What is significant, based on these

models}is that the bulged base can be intrahelical or
extrahelical and produce the same effect on bending.

The

results of Riordan et a l . (1992) were based on gel
electrophorsis mobililty.

Thus there is no indication as to

the degree of kinking other than increased retardation on
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the gel.

Nor do they have any idea as to the conformation

of the unpaired base, which could be extrahelical or
intrahelical.
The fact that the models indicate that there is
localized perturbation in addition to the helix curvature of
the duplex in the presence of an unpaired base presents the
intriguing possibilty that the repair enzymes may be using a
similar recognition process to the transactivator protein
binding to R N A .

Future Work

Mismatched Base Pair
The model for mismatched base pairs was accomplished
with a small number of NMR distance constraints.

The

improvement of the model would result if more distance
constraints were applied.

Additional NMR data concerning

the backbone and phosphate would eliminate the following
question:

Whether or not the unusual structure of two of

the phosphates is a function of the mismatch or a function
of the building process?

These NMR constraints can be

obtained from 31P Heteronuclear correlation experiments.
This data then could be combined with the proton NMR data as
described by Kim et a l . (1991) to acquire distance
contraints for the torsion angles of the nucleotide.
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Modeling of the Intrahelical and Extrahelical Bulge D uplexes
These models were constructed without any NMR
constraints.

With the NMR data already done for the

structural conformations,

it should be possible to acquire

NMR distance contraints to apply to the models.

Based on

the NMR there is one intrahelical bulge duplex (A-strand G ) ,
the remainder are extrahelical bulge duplexes.

By applying

NMR constraints to the A-tract of the decamer and the
A-tract with an unpaired base extrahelical and intrahelical
a comparison of the hydrogen bond network could be
accomplished.

The application of the NMR contraints would

lead to a refinment of these models.

Proton Exchange of the Unpaired Base
The NMR structural analysis of the seven duplexes has
been accomplished in our laboratory,
C, A and G, and A-strand

the decamer,

T, C and G duplexes.

T-strand

Of these,

the proton exchange experiments to determine the base pair
opening and activation energies were conducted for the
decamer and two bulge duplexes,
and the extrahelical T-strand G.

the intrahelical A-strand G
Consequently,

the other

four unpaired base duplexes should be done for a complete
study of the bulge effect in the A-tract.
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APPENDIX A
DANTE Pulse Sequence
File name is
------ FILE: DANTEJR2.AU
; This program is set to run two job parameters for two
; different DANTE settings.
; The program uses a DANTE pulse for selective excitation
; and a jump-return pulse for water suppression.
; This experiment was run non-spining
;References:
; Theory for DANTE Morris and Freeman (1978) JMR 29,433
; Theory for PH3 Marion and Bax (1988) JMR 79, 352-356
; Theory for D7 Hoult et al. (1983) JMR 51, 110-117
1
2

RJ #1
RVD #2
ZE
WR #3
IF #3
LO TO 2 TIMES
VC

3
4
5
6
7
8

9
10
11
12
13
14

RF
RE
Dl
P5
D4
P5
D4
LO

#3 .001
#3
PHI
PH 2
TO 6 TIMES

P5 PHI
D4
P5 PH 2
VD
PI PH3
D2
P0 PH4
GO==5 PH 5
WR #3
IF #3
IN==4
LO TO 3 TIMES

;Reads in first job parameters
/Creates a series of files for first
;set of experiments
/First item in the VDLIST is the
:number
/of experiments (NE = number of
/delays)
/reset file extension
/Relaxation delay
/DANTE pulse 180/N
/Delay to center the excitation window
/Second DANTE pulse as above
/Pulse for the region of interest
/This loop=N-l above. P5*N=180 pulse
/width

'I1 pulse
null delay
'11 pulse
Acquire FID and loop to 5
write file to disk
increment file extension
cycle to 3 to accumulate scans
Total scans=C*NS.
C is second item in VDLIST

/ Begin second experiment
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15
16

RJ #4
RVD #5
ZE
WR #6
IF #6
LO TO 16 TIMES C
VC

17
18
19
20
21
22

23
24
25
26
27
28

RF
RE
Dl
P5
D4
P5
D4
LO

#6.001
#6
PHI
PH2
TO 2 0 TIMES 2

P5 PHI
D4
P5 PH 2
VD
PI PH 3
D2
P0 PH4
GO==19 PH 5
WR #6
IF #6
IN==18
LO TO 17 TIMES C

;Reads in second job parameters
;Creates a series of files for second
;set of experiments
;third item in the VDLIST is the
;number
;of experiments (NE = number of
;delays)
;reset file extension
/Relaxation delay
;DANTE pulse 90/N
/Delay to center the excitation window
/Second DANTE pulse as above
/Pulse for the region of interest
/This loop=N-l above. P5*N180 = pulse
/width

/'11 pulse
/null delay
/'1' pulse
/Acquire FID and loop to 5
/write file to disk
/increment file extension
/cycle to 17 to accumulate scans.
/Total scans=C*NS.
/C is fourth item in VDLIST

EXIT
PHI =A0
PH2 =A2
PH3 =A0 A2 A2 AO Al A3 A3 Al
PH4 =A2 AO AO A2 A3 Al Al A3
PH 5=R0 R2 R2 R0 Rl R3 R3 Rl
The program requires the entry of six filenames
The setting up of the VDLIST should be done with the
first number the number items in the VCLIST lists which
the experiment, the second is the number of loops to
made through the experiments to yield the final number
scans
Filename
Filename
Filename
Filename
Filename
Filename

#1 = the first job parameters
#2 = the VDLIST for the first job parameters
#3
=name for saving the first set of files
#4
=the second job parameters
#5
=the VDLIST for the second job parameters
#6
=name for saving the second set of files
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Pi set for 90° flip
P0 slightly shorter than 90°
set 01 offset on the water resonance.
D2<=2/SW (nulls at 1/2*D2 intervals from 01)
RD=PW=0
Dl=5*Tl
DS = 0
P5 is the 180°/number of cyles in the DANTE (set here to
be 3)
D4 =1/(2* the distance from 01 to the center of the
region which will be selectively excited)
Parameters used for the excitation of the thymine region
The VCLIST is used as four loop counters. Loop counters 1
and 3 are the number of delay times which are being used in
the experiment, to create the files and increment the
pointer. Loop counters 2 and 4 is the loop counter to
genterate the number of scans per file such that 16 *
(VCLIST # 2 or 4) = the final number of scans per file.
VCLIST
1
2

3
4

16
5
16
5

The VDLISTS are the variable delays in seconds.
For each of
the regions T and G a set was created. The set shown is for
the thymines of the decamer. The parameter name is
Tdelay.001
IT = TDELAY.001
1 = 0.0005
2 = 0.001
3 = 0.005
4 = 0.01
5 = 0.02
6 = 0.04
7 = 0.06
8 = 0.08
9 = 0 .100
10 = 0.200
11 = 0.4
12 = 0.6
13 = 0.8
14 - 1.0
15 = 1.5
16 = 2.0
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Parameters used for the excitation of the thymine region
are listed below the D4 parameter becomes 150 fis for the
guanosine region. The parameters for each region were saved
as job files and called during the experiment.

PI
RD
NS
SW
Dl

=
=
=
=
=

13 .80 |IS
0.0
16
12000 Hz
2.0 s

D2
PW
NE
01
SI

=
=
=
=
=

83.3 [is
0.0
16
7276 .38 Hz
16K

P0
DE
DS
D4
TE

=
=
=
=
=

13 .60 (IS
55. 00 |IS
0.0
131 |IS
283 K

APPENDIX B
Deconvolution Procedure

Not every resonance in the unpaired base duplexes is
well resolved from the nearest neighbor resonances.
Consequently a procedure was developed to allow for a
deconvolution of two overlapping peaks.

This can be

accomplished if the recovery times are sufficiently
different from each other, such that at some time, t, there
are two peaks, and if the peaks are resolved sufficiently to
be detectable as two peaks.

In the first case the recovery

times must be at least 15 % different to use the
deconvolution program developed in this laboratory.
In order to deconvolve two peaks using the
deconvolution routine on the Macintosh computer, the spectra
must be first processed elsewhere.

In the following

procedure all routines are in capitals.

The first step is

to process the data on the Bruker and baseline correct the
spectral region of the resonances to be deconvolved.

The

data must then be transferred from the Bruker to the
Macintosh: this is a two step process.

The data are

transferred to the VAX system as a Bruker binary file (via
Bruknet), and then transferred to the Macintosh via Kermit.
The data, now on the Macintosh in Bruker binary, must be
converted to Macintosh binary to run the program.
accomplished with the routine CONVERT.
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This is

After conversion the
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file can be viewed using the routine CUTNMR.

The routine

CUTNMR has a graphics display which allows the expansion of
the spectrum.

The region which contains the peaks to be

deconvolved should be expanded in the graphics display.

The

region of the spectrum is defined by two end points: for
processing the next step, these two points must be recorded.
The expanded region of the spectra which is cut and
displayed on the Macintosh must be stored as a separate file
to go on to the next step in the processing .

The DECON

routine is then run using the stored file as the specific
data set.

This routine also exists on the VAX system, on

CHMCAF (chemistry macromolecular computer facility) and can
be run in a much shorter time.

The names are the same on

the VAX as those on the Macintosh.

The data from the

converted file are transferred via Kermit to the VAX.

The

routine DECON is executed using the data endpoints from the
Macintosh CUTNMR file.

The final file can be transferred

back to the Macintosh for the graphics or for conducting
further analysis.

The routine CURFIT will take the

intensity of the data from the deconvolved resonances and
compute the Tex which is then plotted using "Delta graph"
(Delta Point, Lakewood, New Jersey).
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